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Abstract
In this work, the non-linear optical technique of sum-frequency spectroscopy (SFG) has
been used to investigate a variety of surfactant and phospholipid systems at dierent
interfaces.
Firstly, the eects of temperature and ionic strength on the adsorption of cationic
and non-ionic surfactants were investigated. The binary surfactant system used here
is a simplied hair conditioner model, consisting of a fatty alcohol and a long chain
quaternary ammonium salt, self-assembled from solution onto a silica surface (which
serves as a very approximate model of the hair surface). SFG was used to investigate
and the eects of temperature and ionic strength on the conformational ordering of the
adsorbed monolayer.
The structure of a tethered bilayer lipid membrane (tBLM) produced by dierent methods
was investigated. The tBLM is a bilayer of phospholipids, which are tethered to a gold
substrate by a self-assembled monolayer (SAM). The SAM is a mixture of disulde tether
molecules and disulde spacer molecules, which form covalent bonds to the gold surface.
Ideally, the tether molecules should inter-digitate into the phospholipid membrane and
hold it to the gold surface. This type of system is often used as a robust model for a
cell membrane. Here, SFG was used to investigate the structure of the SAM, and of
the membrane when formed either by rapid solvent exchange, or by a combination of
Langmuir-Blodgett and Langmuir-Schaefer deposition. Signicant dierences in the
resulting spectra of the tBLM were observed, as a result of the fabrication technique. SFG
was also used to conrm that the polar orientation of the phospholipid in the tethered
membrane systems was as expected for a bilayer.
Two versions of the quaternary ammonium surfactant used previously were also investi-
gated at the air/water interface. The only dierence between the two surfactants was
their counterion. The slow collapse of the compressed monolayer was monitored using
SFG and by surface pressure measurements. Langmuir-Blodgett deposition onto glass
and mica was used at dierent stages of the monolayer collapse; the resulting air/solid
systems were investigated using SFG and atomic force microscopy. Two dierent meth-
ods of obtaining sum-frequency intensity data over time were evaluated, and the eect
of the counterions on the kinetics of the slow collapse mechanism was discussed.
The structure of surfactin, a surface-active lipopeptide, was investigated at the air/water
interface. Deuterated analogues of the bio-surfactant were produced from Bacillus
Subtilis by feeding the bacteria with deuterated glucose and/or deuterated leucine. These
analogues were used to conrm spectroscopic assignments and make conclusions of the
structure of surfactin at the air/water interface. The eect of the surfactin concentration,
the pH of the subphase, and the addition of calcium ions to the subphase was also
investigated.
The acquired knowledge of the structure of surfactin was then used to investigate the
interaction of surfactin with a phospholipid monolayer. The surface pressure and sum-
frequency spectra were monitored over time after the injection of surfactin into the
subphase beneath a phospholipid monolayer compressed at the air/water interface. The
surface pressure rose, indicating that surfactin penetrated into the monolayer, but it was
found that sum-frequency signals arising from surfactin disappear in the nal equilibrium
system. Mechanisms and possible structures which are compatible with the data are
discussed.
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1. Introduction
The work in this thesis can be divided into two broad categories. The rst is the study of
two synthetic surfactants; a long chain quaternary ammonium surfactant, and a long
chain alcohol. In this case, the performance of hair conditioner models were the primary
focus, but these types of surfactants are signicant components of a vast array of cosmetic
products. A binary surfactant system containing both the quaternary ammonium and
the alcohol surfactants are the subject of Chapter 4. Chapter 5 deals with the behaviour
of just the quaternary ammonium surfactant at the air/water interface. The second
category is the study of a surface active lipopetide named surfactin, and its interaction
with phospholipid membranes. Surfactin is produced by some strains of Bacillus Subtilis,
a ubiquitous bacterium which is found in the soil and the gastrointestinal tract of some
mammals, including humans. Chapter 6 describes the production and characterisation
of a type of solid-supported cell membrane to potentially be used for future work. The
investigation of surfactin and its interaction with a phospholipid monolayer at the
air/water interface is the focus of Chapters 7 and 8.
1.0.1 Publications
Parts of the work in Chapter 5 have been published in the Journal of Colloid and Interface
Science [1], and parts of the work in Chapter 7 have been published in the Journal of
Physical Chemistry B [2].
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1.1 The binary surfactant system
Adsorption of surfactants onto a solid surface can greatly modify the properties of
the surface such as its hydrophobicity, charge, and wettability, and aect interfacial
processes such as corrosion and lubrication [3]. This makes them an important eld
in industrial research, where the relatively small amount of material needed to cover a
surface makes modication in this manner desirable. In almost all applications, mixtures
of one or more surfactants are used. Partly this is for economic reasons, but often
mixtures will display properties that are more desirable than either of the pure surfactants;
this phenomenon is referred to as synergism. In this report, a surfactant mixture of
cetyl alcohol (CetOH, Figure 1.1a) and behenyl trimethylammonium chloride (BTAC,
Figure 1.1b) are investigated on a silica surface as a simple model of hair conditioner.
Two forms of this mixture are investigated - one prepared by Unilever, using their
proprietary method, which involves carefully heating the mixture to precise temperatures
while stirring; and one prepared by hand in Cambridge, by grinding together using a
mortar and pestle (both surfactants are solid at room-temperature). Both mixtures
contain a 2:1 mass ratio of CetOH/BTAC.
OH
(a)
N+
Cl-
(b)
Figure 1.1: The structures of the surfactants used in this work.
(a) Hexadecan-1-ol (also known as cetyl alcohol, abbreviated in this
thesis as CetOH).
(b) N,N,N-trimethyldocosan-1-aminium chloride (Behenyl trimethy-
lammonium chloride, BTAC)
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1.1.1 Mechanism of surfactant adsorption
BTAC is a cationic surfactant and has a positively charged head-group. Figure 1.2 shows
the various regimes of adsorption of cationic surfactants onto solid surfaces. At low
concentrations, cationic surfactants adsorb onto a negatively charged surface (such as
silica) mainly via electrostatic attraction (top panel of Figure 1.2). Hydrophobic eects
do not play a signicant role at this low concentration, due to the distance between
adsorbed molecules [4]. At slightly higher concentrations, more surfactants join those
initially attracted, and hydrophobic interactions favour the formation of “islands” on
the surface, rather than an even distribution of surfactant molecules. At concentrations
just below the critical micelle concentration (CMC), micelles can form on the surface,
seeded by the islands already present. Above the CMC, micelles adsorb directly from
solution onto the surface [4]. When a cationic and non-ionic surfactant are combined
in a mixture, the CMC is synergistically reduced [5, 6]. This is thought to be due to
the shielding of the charge-charge repulsion between the head-groups of the cationic
surfactant by the non-ionic surfactant.
The concentrations used here are above the theoretical CMC for BTAC, approximately
0.024 mM, which has been predicted here from the CMC values of shorter chain qua-
ternary ammonium salts [7, 8]. There are no literature values for the CMC of BTAC;
the solubility limit of BTAC is below the predicted CMC. CetOH is entirely insoluble,
and does not form micelles spontaneously. Since the CMC of the CetOH/BTAC mix-
ture is expected to be lower than that of the cationic component alone, the adsorption
mechanism is likely to be in the hydrophobic region above the CMC, as depicted in the
bottom panel of Figure 1.2, with micelles, comprised of a mixture of CetOH and BTAC,
adsorbing directly onto the surface.
3
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Fig. 45. Proposed Mechanism of surfactant adsorption. Each span is described in detail in Section 7.
adsorption mechanism that is newly available in that concentration range. They are,
in increasing concentration, the electrostatic concentration span, the electrostatic–
hydrophobic concentration span and the hydrophobic concentration span. The
mechanism of adsorption in each span differs and is depicted schematically in Fig.
45. Note that the hydrophobic concentration span may be further divided into above-
Figure 1.2: The dierent regimes of cationic surfactant absorption. Re-
produced with permission from [4]. In each panel, the shaded region
of the graph shows the concentration range (referred to as concentra-
tion span in the gure) in which each regime occurs. The adsorption
experiments in Chapter 4 are expect d to operate in th regim above
the CMC.
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1.1.2 Eect of increasing temperature
At higher temperatures, cationic surfactants show a reduced adsorption density at the
surface. Higher temperatures favour higher entropy systems, and therefore promote
desorption and reduced aggregate organisation on the surface [5, 9, 10]. However, for
non-ionic surfactants, the opposite trend is observed [5, 11, 12]. It has been suggested
that this is because of desolvation of the head-group at higher temperatures, making the
surfactant less hydrophilic and more compact, and therefore more surface active [12].
1.1.3 Eect of increasing ionic strength
For non-ionic surfactants, the eect of ionic strength varies, depending on the specic
surfactant and surface. The maximum adsorption amount has been observed to de-
crease if the ions adsorb strongly to the charged surface, displacing the surfactant [13];
or to increase due to improved lateral interactions between chains [11, 14]; or to be
unaected [13] by increasing the ionic strength.
For cationic surfactants adsorbing onto a negatively charged surface, increasing the ionic
strength of the solution shields the charges, diminishing the attractive forces [5, 15], and
reducing the rate of adsorption in the electrostatic concentration range. However, in the
hydrophobic concentration range below the CMC, the adsorption amount increases [5].
In this region, the charge-charge repulsion between the head-groups is reduced by the
shielding eect of the ions in the solution, and the aggregate on the surface becomes
more stable. At higher concentrations of surfactant, in the hydrophobic range above the
CMC, the total amount adsorbed is not greatly aected by ionic strength [5, 16]. For
the mixed micelles of CetOH:BTAC investigated , the cations are already separated by
the CetOH, and therefore the ions’ eect of reducing charge-charge repulsion should be
muted.
1.1.4 Prior art
Previous work on this system was carried out in an undergraduate study by Ben Caller.
The focus of his work was to determine whether the BTAC/CetOH mixture was “draped”
from the air/liquid interface onto the surface of the substrate - as the water recedes from
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beneath the surfactant, the surfactant is laid onto the substrate. He concluded that this
draping mechanism is not signicantly responsible for the formation of the surfactant
layer based on two main points. Firstly, he found that self-assembly occurs irreversibly
before the water is removed. Secondly, he found that the ratio of CetOH/BTAC was
dierent at the air/water interface compared to the silica/water interface, and that both
were dierent from the bulk ratio. (Note that the second point was only conrmed for a
hand-made mixture, not the mixture provided by Unilever.)
Since he concluded that self assembly is the primary mechanism by which the monolayers
form, this work will investigate the eect of temperature and ionic strength on the self
assembly of the mixtures onto silica surfaces.
1.2 Surfactants at the air/water interface
Amphiphilic molecules in water will be adsorbed to the air-water interface with hy-
drophobic sections in the air, and hydrophilic groups towards the water so as to reduce
the free energy of the surface. When these molecules are insoluble, the monolayer must
be cast onto the air-water interface from a volatile solvent which is immiscible with
water, such as chloroform. Physical properties of lms at the air/water interface are
routinely investigated by the use of the Langmuir trough. The trough also enables the
compression and study of these monolayers above their equilibrium spreading pressures
(the surface pressure achieved when an amount of solid surfactant is placed at the surface
and allowed to spread). Additionally, casting onto the air/water interface is the rst
step in the production of monolayer, bilayer and multilayer assemblies at solid/air and
solid/water interfaces - important for cell membrane models (see section 1.3).
Since there is no solid support, the air/water interface itself can be experimentally chal-
lenging. However it is possible to use most spectroscopic techniques (such as IR, Raman,
etc) by reection or transmission through the air/water interface. Understanding surfac-
tant behaviour at the air/water interface is important for atmospheric modelling [17, 18],
oil-spill clean up processes (aquifer remediation) [19], and for any processes which
involve liquid foams, including cosmetics, detergents, food products, and re-ghting
materials, as well as any processes in which foams are undesirable, such as wine fermen-
tation, and glass and paper manufacturing [20, 21].
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1.3 Cell membrane models
Biological cell membranes are incredibly complex molecular assemblies, serving multiple
functions. Apart from forming a selectively permeable container, and protecting the con-
tents of the cell, they also provide a scaold for a vast array of biomolecules. (Figure 1.3).
These are primarily comprised of proteins, and, amongst other activities, regulate cell
signalling, cell adhesion, and the active transport of materials in and out of the cell.
Figure 1.3: A depiction of a cell membrane, with various biomolecules
embedded or attached. Adapted from [22].
This complexity makes investigation of the cell membrane very dicult. Therefore
simplied models, which are more accessible to available experimental techniques, are
often used. The cell membrane is comprised chiey of the phospholipid bilayer; the most
basic models are systems containing only phospholipids.
One of the earliest such models is the black lipid membrane, a phospholipid bilayer
painted across the hole of a substrate [23, 24]. Since the membrane is in contact with
aqueous solution on both sides, electrical conductivity tests are simple to do, and in-
vestigation of ion channel formation by proteins and other pore-forming biomolecules
has been successfully carried out this way [24–26]. This also means that this system
could be used as an electronic biosensor - a membrane protein could bind to a specic
molecule and change the conductivity of the membrane, allowing electronic detection of
that molecule [27–30].
However black lipid membranes have no solid support and are therefore extremely fragile.
This makes surface-sensitive detection techniques, such as infrared or sum-frequency
spectroscopy, very dicult. Forming a bilayer on a solid support is therefore desirable,
and if the solid support is conductive, electrochemical impedance studies can still be
carried out. Many variations of solid-supported bilayer systems exist, and a selection
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are depicted in Figure 1.4. Reviews of the advantages and disadvantages of each are
available in the literature [31–33], but briey: the most basic solid-supported phospho-
lipid bilayer system (Figure 1.4a) displays the most similar exibility and lateral mobility
of the phospholipid compared to a biological cell membrane; the hybrid phospholipid
membrane (Figure 1.4b) combines a self-assembled monolayer (SAM) of thioalkanes and
phospholipids - it sacrices the lateral mobility and biological relevance of the proximal
leaet for greater resilience, longevity and a very straightforward synthesis; the fully
tethered phospholipid bilayer membrane (Figure 1.4c) is somewhat more dicult to syn-
thesise [34], but provides a better representation of a biological membrane. The sparsely
tethered phospholipid bilayer membrane (Figure 1.4d) seeks to produce as relevant a
model as possible while retaining some of the longevity of the fully tethered systems.
This compromise can be aected by changing the tether/spacer ratio. Also, by selecting
the correct tether and spacer, it is possible to introduce an ionic reservoir beneath the
proximal leaet, and thus make the model more similar to a biological membrane. This is
especially important when investigating, for example, trans-membrane proteins [32, 33].
The system used in (Section 1.3.1) is of this type.
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(a) A basic solid-supported phospholipid bilayer
membrane
(b) A hybrid SAM phospholipid membrane.
(c) A fully tethered phospholipid bilayer mem-
brane.
(d) A sparesly tethered phospholipid bilayer mem-
brane.
Figure 1.4: Diagrams of four types of solid-supported model membranes.
Many other variations exist. The type used in Chapter 6 is a sparsely
tethered bilayer membrane, which is shown in (d).
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1.3.1 The T10 self-assembled monolayer (SAM)
The initial T10 SAM (supplied by SDx Tethered Membranes) is prepared by self assembly
of the disulde tethers and spacers (Figure 1.5) onto a gold substrate from an ethanolic
solution, to produce a monolayer of mixed disuldes on gold (Figure 1.6). The phytanyl
acts as a half membrane spanning tether, and the OH-terminated spacer and polyethylene
glycol chain together form an ionic reservoir beneath the proximal phospholipid leaet.
The T10 SAM and other tethered membrane SAMs of this type are in widespread use as
the basis for cell membrane models [28, 30, 35–39].
(a)
(b)
Figure 1.5: The structures of the disuldes used for self assembly to
produce the T10 SAM: (a) the tether, benzyl disulde PEG phytanyl,
and (b) the spacer, benzyl disulde tetraethylene glycol
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Figure 1.6: The structure of the T10 SAM as supplied by SDx Tethered
Membranes. The spacer/tether ratio is 9:1.
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1.3.2 Completing the tethered bilayer lipid membrane (tBLM)
A phospholipid must be incorporated between the tethers of the T10 SAM to produce a
tBLM. The phospholipid in use here, dipalmitoyl phosphatidylethanolamine (DPPE), is
shown in Figure 1.7 in the deuterated form.
O
P
O O-O
O NH3
+
O
O
D2 D2 D2 D2 D2 D2 D2
D2D2D2D2D2D2D2
D3
D2
OD2 D2 D2 D2 D2 D2 D2
D2D2D2D2D2D2D2
D3
D2
Figure 1.7: The structure of the deuterated phospholipid, d-DPPE, used
in this work.
A common method of producing the phospholipid bilayer on the SAM tether is rapid
solvent exchange (RSE) [27, 40–42]. The SAM is placed into a solution of phospholipid
in ethanol. This is then ushed with a large amount of water or buer, and this causes
the precipitation of the phospholipid onto the SAM, forming a bilayer under water.
The RSE technique has been shown to produce complete bilayers, with the tethers
incorporated (as shown in Figure 1.8), by both electrical impedance studies and by
neutron reectivity experiments [40, 42, 43]. However, because the bilayer is produced
in one step, RSE alone cannot be used to form a bilayer in which only one leaet is
perdeuterated. This isotopic distinction of the leaets is required for sum-frequency
generation spectroscopy (SFG) due to the symmetry requirements of SFG, as discussed
in Section 2.2).
Langmuir-Blodgett (LB) deposition, followed by Langmuir-Schaefer (LS) deposition, is
capable of producing such a bilayer. In this technique, the SAM is submerged beneath
the surface of the water in the Langmuir trough. The phospholipid is cast onto the
surface, and compressed by barriers to a constant pressure, forming a monolayer on
the surface. The SAM is then drawn up into air, whilst keeping the phospholipid at
constant pressure, depositing this onto the SAM. However, since the monolayer of
phospholipid is formed rst, it is possible that once this has been deposited onto the SAM
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Figure 1.8: The structure of the T10 SAM, with an incorporated phos-
pholipid lipid bilayer.
that the tethers are not incorporated in the proximal leaet. The SAM starts under water,
so the hydrophobic phytanyl tethers should be in random coils. Once the monolayer
has been deposited onto the SAM, it presents a solid face of hydrophilic headgroups.
This represents an energy barrier to the incorporation of the tethers - for the tether to
penetrate the monolayer, the hydrogen bonds and electrostatic interactions between the
headgroups of the phospholipid must be broken.
In any case, the bilayer can be completed by Langmuir-Schaefer deposition - the SAM,
with the rst half of the membrane already in place, is held face down above another
monolayer of phospholipid cast onto the surface of the water in the LB trough. The
SAM is lowered onto this monolayer, completing the bilayer, and then further lowered
into the water (as the bilayer is not stable in air). Now the completed membrane, with
isotopically distinguishable leaets, has been formed on the SAM.
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1.4 Phospholipid monolayers at the air/water inter-
face
Another example of a phospholipid membrane is a simple monolayer at the air/water
interface. Whilst the tethered bilayer is in most aspects a much better model for the cell
membrane, the monolayer at the air/water interface has some useful advantages. Firstly,
the structure and behaviour of the phospholipid monolayer at the air/water interface
is relatively well studied and understood by infrared spectroscopy [44, 45], Brewster
angle [46] and uorescence microscopy [47], and surface pressure - area isotherms [48].
The lateral pressure (surface pressure) of the air/water interface can be monitored
and controlled throughout experiments so that the molecular area matches that of cell
membranes. This is especially useful if the goal of the experiment is to monitor a change
in monolayer properties due to membrane-penetrating molecules (such as described in
Section 1.6). Secondly, being a monolayer, no isotopic distinction is required to observe
the monolayer using SFG spectroscopy. This enables the use of deuteration to observe a
dierent molecule in the monolayer, whilst also monitoring the phospholipid signals.
1.5 Antimicrobial peptides (AMPs)
Antimicrobial peptides (AMPs) are produced by various organisms as part of their
immune response to microbial infection. Their mode of action is often by permeating
the cell membrane, disrupting their function by causing leakage, reducing ion gradients,
or in some cases by lysis of the cell (essentially dissolving the membrane), all resulting in
cell death. AMPs were rst identied as early as 1922 [49] and then sporadically [50–53]
until the 1980s, at which point discoveries were made more rapidly [54–56]. There
are now more than 2000 known AMPs in multiple online databases [57–68] The vast
majority of natural AMPs are cationic (the bacterial membranes which they target are
usually overall negatively charged) and 30-65 amino acid residues in length [69].
There are many models explaining the mode of action of AMPs on the cell membrane,
as shown in Figure 1.9 [70]. These include the carpet-like and detergent models, which
cause membrane instability or solubilisation by aecting mechanical properties such as
membrane curvature, and pore-forming models such as the toroidal-pore and the barrel-
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stave models, which have more well-dened structures, whereby the AMP stabilises
the formation of a pore in the membrane. Additionally, AMPs may simply aggregate
within the membrane without forming well-dened structures, as in the toroidal-pore
and barrel-stave models. There is overlap between these models - that is, they share
certain characteristics with each other. Firstly, they all begin with adsorption of the
AMP to the membrane. In the toroidal-pore, barrel-stave, and carpet mechanisms, a
critical threshold of adsorbed AMP at the membrane is reached. In the barrel-stave and
toroidal-pore model, this results in insertion of the AMPs into the membrane, whereby
multiple AMP molecules insert simultaneously in a concerted manner. In the carpet
mechanism, reaching the critical threshold of adsorbed AMPs results in micellisation
and solubilisation of the membrane. The detergent model is sometimes distinguished
by including an insertion step, and then later solubilisation, as the number of AMP
molecules within the bilayer increases.
Figure 1.9: Shown are dierent models of AMP-membrane interactions.
All begin with an adsorption step, shown in the central feature of this
diagram. Reproduced with permission from [70].
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1.6 Surfactin
Surfactin (Figure 1.10) is a microbial lipopeptide that was rst isolated in 1968 from
a culture of Bacillis Subtilis, and aptly named for its very high surface activity [71].
Much research has been conducted on its physical properties, chemical structure, and
biological activity. It can reduce the surface tension of water from 72 mN/m to 27 mN/m
at concentrations as low as 6 × 10−6 M, its critical micelle concentration (cmc) [72,
73], making it much more potent than sodium dodecyl sulfate, a common commercial
surfactant that reduces surface tension to 34 mN/m at 8.1 ×10−3 M [74]. Surfactin also
displays strong antibacterial, antiviral, and haemolytic properties.
Figure 1.10: The structure(s) of surfactin A (n=1), surfactin B (n=2) and
surfactin C (n=3), as produced by Bacillus Subtilis. Amino acid residues
are represented by their three letter codes. The full explicit structure is
shown in Chapter 7, Figure 7.1.
Surface pressure studies of surfactin have found that its behaviour at the air/water inter-
face depends strongly on the pH of the subphase and the presence of metal cations [75].
Maget-Dana and Ptak concluded that these observations were due to a change in ionisa-
tion of the surfactin - the acid groups were neutralised by the low pH and metal cations,
and this aected the compressibility of the surfactin monolayer. Ishigami et al. used
compression isotherms to infer that the surfactin molecules form dimers on the surface
so that alkyl tails share a hydrophobic contact [76]. Computer simulation of surfactin at
the air-water interface by Iglesiaz-Fernández concluded that tail groups should interact
strongly with the hydrophobic leucine groups of the heptapeptide ring, both within a
single molecule and with the leucine groups of neighbouring molecules [77].
15
Like other antibacterial lipopeptides, surfactin is known to act as an antibacterial agent
via interaction with bacterial cell membranes [78]. At low concentrations, it causes
leakage of the cell contents, and at concentrations above the CMC, it is capable of entirely
solubilising the membrane. Surfactin’s interaction with cell membranes has been studied
by NMR [79, 80], atomic force microscopy (AFM) and surface pressure studies [81–
85], neutron reectivity (NR) and small-angle neutron scattering (SANS) [86, 87], and
computer modelling [83, 88]. The exact mechanism by which surfactin penetrates into
the membrane, or by which it solubilises the cell membrane, is not clear. However, a
detergent-like model [79, 88–90] and a mechanism with characteristics of a barrel-stave
and aggregation model [86, 87] have both been proposed.
Figure 1.11: AFM image of a surfactin-DPPC monolayer (left). Re-
produced with permission from [84]. Copyright © 2006 American
Chemical Society. Surfactin-rich domains are darkly coloured, and are
lower than the DPPC region, as shown in the cross section (right).
The interaction of surfactins of dierent fatty acid chain lengths with monolayers of
dierent phospholipids was investigated by Deleu and co-workers using Atomic Force
Microscopy (AFM) in combination with surface pressure - area isotherms recorded on a
Langmuir trough. They found that surfactin-rich domains formed in the phospholipid
monolayers, and that the size and shape of these domains was strongly inuenced
by the type of phospholipid used (due to chain length, and headgroup charge). The
AFM image (reproduced from [84]) for the surfactin and 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) combination is shown in Figure 1.11. Computer simulation by
the same group indicated that surfactin solubilises phospholipid bilayers via a detergent
mechanism in two distinct steps: "In the rst step, a low concentration of surfactin
penetrates into the erythrocyte membrane by interacting via its fatty acid chain. In a
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second step, approaching the CMC, surfactin molecules self-associate to form micelles
involving membrane phospholipids and leading to membrane rupture." [88]
NMR studies conducted by Heerklotz, Wieprecht and Seelig on multilamellar vesicles
of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) incorporating surfactin
indicated that surfactin embeds deeply into the hydrophobic region of the bilayer [79],
which they concluded on the basis of the phospholipid structure inferred from their data.
This is in agreement with the computer-modelling results for uncharged membranes by
Deleu et al [83, 88]. However, when the membrane was charged, computer modelling
indicated that the centre of mass of the surfactin was located in the headgroup region
of the phospholipid membrane. The modelling results also indicated that, when the
surfactin was incorporated into the phospholipid membrane, extending the alkyl tail to
interact with the phospholipid hydrophobic region was favourable. However, neutron
reectivity (NR) and SANS studies by Shen et al [73, 86, 87] showed that surfactin was
localized closer to the headgroup rather than the chain of the phospholipid, and that in
general surfactin maintained a compact ball-like structure and that "surfactin is more
like a mainly hydrophobic ball than a conventional surfactant" [87].
Figure 1.12: The "hydrophobic ball" structure proposed by Shen et al
on the basis of their NR results. Reproduced with permission from [73].
Copyright ©2009 American Chemical Society. The alkyl tail (shown
with blue-grey carbon atoms) is folded over the top of the ring structure,
to interact with the leucine isopropyl groups (peptide carbons are
rendered in black). Nitrogen atoms are green, oxygen atoms are red,
and the O– of the acid groups are magenta.
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(a) The structure of the phospholipid and
surfactin interaction proposed by Heerk-
lotz et al on the basis of their NMR data.
Reproduced with permission from [79].
Copyright ©2004 American Chemical So-
ciety. Surfactin (left molecule) is fairly
deeply embedded into the phospholipid
(right molecule). Arrows indicate the struc-
tural changes of the lipid induced by the
surfactin.
(b) The distribution prole of surfactin
in a solid-supported phospholipid bi-
layer. Reproduced with permission
from [86]. Copyright ©2010 American
Chemical Society. "Head" and "Chain"
refer to the phospholipid. The top dis-
tribution prole was obtained when the
bilayer was formed on the solid support
with surfactin already present, and the
lower prole was obtained when sur-
factin was injected into the solution af-
ter the DPPC bilayer had been formed.
Figure 1.13: Two proposed structures of the surfactin-phospholipid
systems
Shen et al used their NR data to infer a barrel-stave mechanism for the penetration of
surfactin into the outer leaet of the bilayer membrane [86]. They also showed that
solubilisation required a threshold concentration of surfactin in the bilayer to be reached,
in agreement with the modelling results of Deleu et al [88]. Their SANS data indicated
that surfactin-DPPC vesicles had surfactin aggregates with an aggregation number of
around 50 in the bilayer structure. They concluded that signicant rearrangement would
be required after the penetration step for this aggregation number to be reached, and
that this rearrangement resulted in the immediate desorption of the surfactin and the
DPPC in proximity with the aggregate [87].
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Figure 1.14: The two-step detergent mechanism proposed by Deleu et
al [88], on the basis of their AFM data and computer simulation. Quot-
ing directly: "(A) At low concentration, penetration of surfactin in the
bilayer (B) at concentrations closer to the CMC, formation of micelles
including membrane phospholipids, leading to the solubilisation of
the bilayer." Reproduced with permission from [88]. Copyright ©2003
American Society.
1.7 Sum-frequency generation spectroscopy of lipid
membranes
Although surfactin has not previously been studied using sum-frequency generation
spectroscopy (SFG), the clear utility of this interface-specic technique in studying the
phospholipid membranes and the various molecules and processes associated with them
has been widely realised. The earliest SFG studies of phospholipid membranes was in
1997 by the Richmond group [91]. In this case, a DPPC monolayer was established at the
CCl4/water interface. In 1999, two more groups used SFG to study phospholipids. Löbau
et al [92] used SFG to observe the temperature-dependent phase transition in a selection
of phospholipids cast onto a solid/air interface. Petralli-Mallow et al [93] used SFG to
monitor the formation of a hybrid bilayer membrane by vesicle fusion of DPPC onto
a self-assembled alkanethiol monolayer on gold. Since then, a wide variety of model
membranes have been studied, including Langmuir monolayers [94, 95], solid-supported
bilayers [96–99] and tethered bilayer membranes [34]. Model membranes with adsorbed
or embedded biomolecules have been investigated using SFG by various groups, and
include studies of cholesterol [100], membrane proteins [101–104], and both natural and
synthetic AMPs [105–112].
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Figure 1.15: SFG was used to monitor the eect of melettin, an AMP, on
a solid-supported d-DPPG/DPPG bilayer at 4 dierent concentrations.
Both the CH methyl and CD methyl resonances reduce in intensity
during the interaction with the membrane-penetrating AMP, represent-
ing the increasing disordering caused by melettin. Reproduced with
permission from [107]. Copyright ©2007 American Chemical Society.
The Chen group, in a series of publications, was able to use SFG to observe the destruction
of solid-supported membranes due to AMPs such as melettin [106, 107], alamethicin [110],
and a synthetic AMP [111], as well as one planar molecule designed to have amphiphilic
properties that mimic natural AMPs, such as magainin [108]. MSI-78 (the synthetic
AMP), melettin, and alamethicin were monitored primarily through the amide I band in
the spectral region 1630-1680 cm-1. All three comprise a well-dened α-helix structure,
and by measuring the polarisation ratio of χSSP /χPPP (discussed later in Section 2.2), they
were able calculate the average tilt angle of the amide bond, and therefore the orientation
of the peptide in the membranes. In the case of the planar synthetic antimicrobial
compound, tilt angle calculations were conducted on CH and CO stretches. Additionally,
by monitoring CH and CD signals arising from the phospholipid bilayers, they were able
to monitor the disruption of each layer as the AMP of interest penetrated the membrane.
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2. Theory
2.1 The Langmuir trough
The Langmuir trough is extensively used when studying monolayers and bilayers, either
in their preparation onto solid substrates, or for studying directly by surface pressure -
area isotherms or by spectroscopy at the air/water interface. Therefore, a brief description
of the theory is warranted.
2.1.1 Surface tension and surface pressure
Surface tension is a measure of the forces that cause a liquid to maintain the smallest
surface area it can (the reason why water droplets at zero gravity are spherical). It is
most easily explained using an argument of balancing energy - water molecules are
in a lower energy state when maximising the number of hydrogen bonds. Minimising
the surface area for a given volume of water maximises the number of hydrogen bonds
formed, and results in a lower free energy state. An explanation from examining the
balance of forces is also often used, as shown in gure 2.1. However, the imbalance
observed here is only in the perpendicular direction, whilst empirically surface tension is
observed as a force in the surface plane. Perhaps because of this, the idea that an actual
tensile force is present in the plane and pulling on molecules has been questioned. It
has been said that understanding surface tension in this way is "a useful ction" [1], and
that "surface tension does not exist as a physical reality, and is only the mathematical
equivalent of free surface energy" [2]. However, an explanation for the origin of such a
force has been presented [3, 4]. An in-depth review of this explanation is beyond the
scope of this document, but by examining how the pressure and density of the liquid
changed during the transition from bulk liquid to the vapour phase, the author [3, 4]
concluded that the tensile force is real, and therefore force arrows drawn in the plane of
the surface are physically valid.
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Figure 2.1: The imbalanced attractive forces acting on the water
molecules at the interface are often used to explain surface tension.
Figure 2.2: A cross-sectional image of a Wilhelmy plate in contact
with the water surface, showing the forces involved in measuring the
surface pressure. An arbitrary contact angle has been shown here; in
practice, the plate is roughened so that it is completely wetted, so that
this angle is zero.
In any case, if one were to dip an object into the water surface, it would be pulled by
the surface tension. Using a Wilhelmy Plate in a Langmuir trough (see Figure 2.2), the
pulling force on the plate can be measured to deduce the surface tension:
F = 2(t +w)γcosθ +mд − B (2.1)
where F is the measured force, γ is the surface tension, t and w are the thickness and
width of the paper plate, θ is the contact angle of the meniscus with the plate,m is the
mass of the plate, д is the gravitational constant, and B is the upward force of buoyancy.
If the electrobalance is zeroed with the plate just o the surface (where γ = 0), when the
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plate is lowered to barely contact the water surface (so that buoyancy doesn’t contribute),
the measured force represents only the rst term. With knowledge of the thickness
and width of the plate, and contact angle of the water, the absolute value of the surface
tension of the liquid can be calculated. In practice, when studying surfactants, the
absolute surface tension is often not of interest. In this case, the electrobalance is zeroed
after the plate is in contact with the water and has equilibrated, but before any surfactant
is added. The change in the force being measured after this point is given by:
F0 − F =
[
2(t +w)γ0cosθ +mд − B
] − [2(t +w)γcosθ +mд − B] (2.2)
∆F = 2(t +w)(γ0 − γ )cosθ (2.3)
where γ0 is the original surface tension of the pure liquid and γ is the surface tension of
the liquid with any impurities added (generally a negative value, as the surface tension
drops when impurities are added). For the commonly assumed case of complete wetting
of the Wilhelmy plate, the contact angle θ is equal to zero, and therefore the equation
can be simplied and rearranged:
∆F
2(t +w) = γ0 − γ (2.4)
∆F
2(t+w) is known as the surface pressure, Π. Just as in-plane forces are valid for surface
tension, the surface pressure can be thought of as in-plane lateral repulsive forces exerted
by surfactants at the interface.
In order to measure this, the surfactants must be applied to the surface. The surfactant
of interest is dissolved in a suitable volatile solvent, and a small drop of this surfactant
solution is allowed to fall from a syringe held a few millimetres above the surface. This
drop spreads across the surface of the water, and the solvent is allowed to evaporate,
leaving behind just the surfactant at the air/water interface. If the solvent used is soluble
in water, it may also dissolve into the subphase, carrying the surfactant with it - hence
water-miscible solvents are avoided where possible. After the solvent has evaporated,
the monolayer can be compressed by use of barriers on the water surface, which are
moved to reduce the available water surface area. The surface pressure is measured
as the monolayer is compressed, and is plotted against the molecular area (which is
calculated by dividing the available surface area by the number of molecules applied to
the surface). This produces the isotherm shown in gure 2.3.
The packing and organisation of the monolayer depend strongly on the lateral pressure
and on the molecular area available. At high molecular areas, the surfactants have room
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Figure 2.3: An illustration of a surface pressure - molecular area (Π-A)
isotherm with cartoons of the phase state. Flat regions represent the
coexistence of two phases. Adapted from [5].
to form gauche defects and become disordered on the surface. As the monolayer is
compressed, these molecules must t into a smaller area, and therefore gauche defects
disappear, and the molecules become less tilted, reducing their molecular area. The
formation of these gauche defects and the degree of tilting can be measured by sum-
frequency spectroscopy, as explained in the next section.
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2.2 Sum-frequency generation (SFG) spectroscopy
SFG spectroscopy is a surface-specic non-linear optical technique. To produce a SFG
signal, a xed-frequency visible laser beam and a variable-frequency infrared (IR) laser
beam are temporally and spatially overlapped on a surface or interface (gure 2.4). In
addition to reection and transmission of the visible and IR lasers, the non-linear process
of SFG results in light being emitted at the sum of their frequencies:
ωSFG = ωV IS + ωIR (2.5)
where ω is the frequency of the relevant beam. By varying the frequency of the IR beam
and measuring the output SFG beam intensity, the SFG response of the molecules at the
surface can be obtained through a range of frequencies, producing a vibrational spectrum
analogous to that produced by conventional IR spectroscopy. SFG spectroscopy has been
used to gain information on the polar orientation [6, 7], tilt angle [8–10], and degree
of conformational ordering of alkyl chains [11–13] adsorbed at an interface or surface
since rst being observed from an alkane monolayer in the mid to late 1980s [7, 14].
Full theoretical descriptions of SFG are available in the literature [15–19], as well as
recent developments in its application [10], but a brief summary of SFG theory and
analysis is presented in this section, following closely the method and conventions used
in the review by Lambert et al [20].
Figure 2.4: An example of an SFG stage with the co-propagating beam
geometry used in this work. All beams propagate in the positive x
direction, and the reected IR and visible beams have been omitted for
clarity.
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2.2.1 Origin of the sum-frequency signal
When light is incident on an isolated molecule in the gas phase, the electric eld of the
light exerts a force on the valence electrons of the molecule [21]. A rst approximation
for the induced dipole moment, µ is given by,
µ = µ0 + αE (2.6)
where µ0 is the permanent dipole of the molecule, α is the polarisability of the molecule,
and E is the electric eld component of the incident light.
In a bulk material, the sum over the induced dipole moments of the individual molecules
gives the bulk polarisation, P. For low-intensity light, this is given by,
P = P0 + ϵ0χ (1)E (2.7)
where P0 is the permanent bulk polarisation of the material, ϵ0 is the vacuum permittivity,
χ (1) is the rst-order bulk susceptibility, and E is the electric eld component of the
incident light, as before.
The majority of materials do not have a permanent bulk polarisation, and therefore P0
may be set to zero to give,
P = ϵ0χ (1)E (2.8)
Equation (2.8) is a valid approximation when the intensity of the incident light is low.
For higher intensities, higher-order terms of the electric eld strength, along with
higher-order terms for the susceptibilities and polarisabilities, must also be considered.
Equations (2.6) and (2.8) then become:
µ = µ0 + αE + βE
2 + γE3 + ... (2.9)
P = ϵ0(χ (1)E + χ (2)E2 + χ (3)E3 + ...) (2.10)
where β andγ are the second- and third-order molecular polarisabilities, and χ (2) and χ (3)
are the second- and third-order bulk susceptibilities, respectively. χ (2) is the macroscopic
average of β , and χ (3) is the macroscopic average of γ . 1
1The form of equation (2.10) as written is a common (and possibly confusing) shorthand. Strictly
speaking, the polarisation is a vector eld, and the ith component of P is expressed as
Pi = ϵ0
[∑
j
χ (1)i j Ej +
∑
jk
χ (2)i jkEjEk +
∑
jkl
χ (3)i jklEjEkEl + ...
]
(2.11)
38
Non-linear optical eects, such as SFG, arise from the second-order polarisability, χ (2),
which is much smaller in magnitude than χ (1). To observe signicant non-linear optical
eects, E must be suciently large to compensate for the fact that χ (2) is much smaller
than χ (1). Therefore, pulsed lasers, which are capable of producing these large eld
strengths, are used to probe χ (2).
In the SFG experiment, the IR and visible lasers are temporally and spatially overlapped
at the surface, so the total E is given by summing over the two oscillating electric elds
of the two incident beams. The instantaneous electric eld at the surface at time, t is
given by,
E = EIR cosωIRt + Evis cosωvist (2.12)
Substituting this equation forE into the equation for the bulk polarisation, equation (2.10),
gives:
P = ϵ0[χ (1)(EIR cosωIRt + Evis cosωvist)
+ χ (2)(EIR cosωIRt + Evis cosωvist)2
+ χ (3)(EIR cosωIRt + Evis cosωvist)3 + ...] (2.13)
Considering only the second-order term (from which the SFG signal arises), and multi-
plying out the brackets:
P(2) = ϵ0χ (2)(E2IR cos2ωIRt + E2vis cos2ωvist + 2EIR cosωIRtEvis cosωvist) (2.14)
and then applying trigonometric identities:
P(2) = ϵ0χ (2)[ 12 (E
2
IR + E
2
vis) + (E2IR cos 2ωIRt + E2vis cos 2ωvist)
+ EIREvis cos(ωvis − ωIR)t + EIREvis cos(ωvis + ωIR)t ] (2.15)
The rst term of equation (2.15) is ϵ0χ (2)[12 (E2IR + 12E2vis)], and gives rise to a direct current
(DC) eld with no frequency dependence.
The second term, ϵ0χ (2)[E2IR cos 2ωIRt + E2vis cos 2ωvist], gives rise to a second-harmonic
generation (SHG) eld for each of the IR and visible inputs, at twice their input frequency.
Equation (2.11) is harder to follow, and not necessary for understanding the origin of SFG spectra. Therefore
the convention of equation (2.10) will be used throughout the rest of this section.
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The third term, ϵ0χ (2)[EIREvis cos(ωvis − ωIR)t], gives rise to dierence-frequency genera-
tion (DFG) where light is emitted at the dierence of the input IR and visible frequencies.
Finally, the fourth term, ϵ0χ (2)[EIREvis cos(ωvis + ωIR)t], gives rise to SFG, where light is
emitted at the sum of the two input frequencies.
This simple electromagnetic approach demonstrates the origin of SFG; a more thorough
description of SFG requires quantum-mechanical calculation and can be found in the
literature [17, 22, 23].
2.2.2 Second-order susceptibility
The intensity of sum-frequency light that is generated is proportional to the square of
the induced polarisation, P, and therefore to the square of the second-order non-linear
bulk susceptibility, χ (2),
ISF ∝ |χ (2) |2 (2.16)
Since χ (2) is the macroscopic average of the molecular second-order polarisabilities β of
the molecules at the surface, probing χ (2) by scanning through infrared wavenumbers
gives us insight into the molecular vibrations at the surface. χ (2) is a third-rank tensor,
and has 27 components that fully describe the non-linear response of the surface to
incident and emitted E. For all third-rank tensors, a change in sign of all three axes (i.e.
reversing the axis system) must produce a sign change in the physical phenomenon that
it describes:
χ (2)
ijk
= −χ (2)−i−j−k (2.17)
where i , j, and k are unit vectors along the x, y and z axes, respectively. However, for a
centrosymmetric environment, all directions are equivalent, and therefore the value of
χ (2)
ijk
in opposite directions must be the same:
χ (2)
ijk
= χ (2)−i−j−k (2.18)
To satisfy both of these requirements, the value of χ (2)
ijk
must be 0; hence SFG is forbidden
in a centrosymmetric environment, which is the case for the majority of bulk matter.
However, an isotropic planar surface is not centrosymmetric along the z axis. The result
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is that only the terms of χ (2)
ijk
which are quadratic in x or in y, or which do not contain x
and y, may contribute to the intensity. This leaves 7 possible terms, and since x and y
are indistinguishable for an isotropic surface, only 4 are unique:
χ (2)zxx (≡ χ (2)zyy)
χ (2)xzx (≡ χ (2)yzy)
χ (2)xxz(≡ χ (2)yyz)
χ (2)zzz
(2.19)
The SFG response to unpolarised light would have a contribution from all four possible
components of χ (2). However, it is possible to selectively probe the dierent components
of χ (2) by using polarised light, such as in gure 2.5.
Figure 2.5: The S and P polarised light, labelled with the direction of
propagation of the beam, and with EIp & EIs, the electric eld in the p
and s polarisations. EIp lies in the xz plane, and EIs lies parallel to the y
axis.
Incident light is polarised so that the electric eld vector is parallel (P-polarised) or
perpendicular (S-polarised) to the plane of incidence (the xz plane, which is rendered
translucent in gure 2.5). The components of χ (2) that are probed by the 4 possible
combinations of S- and P-polarised visible and infrared light are presented in table 2.1.
The sum-frequency polarisation that is generated is determined by the response of the
components of χ (2) to the incident infrared and visible light. For dielectric surfaces, all
of these polarisation combinations are experimentally accessible. However S-polarised
infrared light reecting from a metallic surface produces a very weak electric eld, due
to a phase reversal on reection at the metal surface, causing destructive interference.
Hence, only the SSP and PPP combinations are accessible on metals such as gold.
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Table 2.1: The combinations of S- and P- polarised light in SFG (listed
in order SF, visible, IR), and the terms of χ (2) probed.
Polarisation Contributing
combination elements of χ (2)
PSS χ (2)zyy
SPS χ (2)yzy
SSP χ (2)yyz
PPP χ (2)zzz χ (2)zyy χ (2)yzy χ (2)yyz
Gold and other metal surfaces do have some advantages in SFG. The previous equations
involving χ (2) have assumed that the molecules are adsorbed onto a substrate which
is SF inactive. This is valid for dielectric substrates such as silica, but not for metals.
Generally, χ (2) can be split into two terms to give
χ (2) = χ (2)R + χ
(2)
NR (2.20)
so that the intensity now becomes:
ISF ∝ |χ (2)R + χ (2)NR |2 (2.21)
χ (2)R is the resonant susceptibility, arising from molecular vibrations, and varies strongly
with infrared frequency. χ (2)NR is the non-resonant susceptibility, which arises from the
surface, and it is largely independent of frequency. In dielectrics such as silica, χ (2)NR is
very small. For metallic surfaces, χ (2)NR is much larger, due to surface-plasmon resonance
of the conduction electrons. Because of the squared dependence of ISF on χ (2), the eect
is an enhancement of the absolute signal strength, and of the signal-to-noise ratio.
Equations (2.17) and (2.21) also imply that the polarisation of the molecule will aect the
phase of the signal. Reversing the axis system is equivalent to reversing the polarisation
of the molecule, so the polarisation of the molecule will aect the sign of χ (2)R , and
therefore will determine whether dips or peaks are observed (gure 2.6). This is only the
case when χ (2)NR is relatively large; for dielectrics, only peaks will be observed (although
overlapping resonances from dierent vibrational modes may still interfere destructively
with each other).
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Figure 2.6: Spectra of a surfactant on a gold substrate, adapted from [24].
When the methyl points toward the substrate, peaks appear in the
spectrum. When pointed away from the surface, dips appear. Note that
this applies to the co-propagating beam geometry shown in Figure 2.4
- it is reversed for a counter-propagating geometry.
2.2.3 Molecular susceptibility
χ (2)
ijk
is the macroscopic average of the molecular second-order non-linear susceptibility,
βαβγ (sometimes called the rst hyperpolarisability), βαβγ can be derived by perturbation
theory [25]. A simple form of the equation for βαβγ , which is applicable when ωIR is near
a vibrational transition (ωv ) of the molecule and ωvis is not near an electronic transition,
is presented here:
βαβγ =
1
2~
MαβAγ
(ωv − ωIR − iΓ) (2.22)
where Mαβ and Aγ are the Raman and IR transition moments respectively, ωv is the
frequency of a vibrational mode (not to be confused with ωvis , the frequency of the
visible laser), and Γ is the relaxation time of the vibrationally excited state. Note that the
coordinates αβγ refer to the molecular frame, and are not the same as ijk which refer to
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the lab frame. By inspecting Equation (2.22), it is clear that βαβγ is only non-zero when
Mαβ and Aγ are both also non-zero. This gives rise to the selection rule that a resonance
must be both infrared and Raman active to be SFG active. Therefore, by the rule of
mutual exclusion (which states that a centrosymmetric molecule cannot be both infrared
and Raman active), any molecule or functional group that has a centre of symmetry, will
be SFG-inactive.
Expressing χ (2)R in terms of βαβγ gives:
χ (2)
ijk
=
N
ε0
∑
αβγ
〈R(ψ )R(θ )R(ϕ)βαβγ 〉 (2.23)
where N is the number of molecules per volume, R(ψ )R(θ )R(ϕ) are the rotation matrices
that convert the molecular coordinates αβγ to the lab frame ijk , and 〈〉 denotes that the
orientational average of βαβγ is taken.
For a single resonant susceptibility, χ (2)R may also be re-expressed as:
χ (2)R =
B
ωv − ωIR − iΓ (2.24)
where B the strength of the resonance, and includes all the appropriate terms of the
previous Equation (2.23). This expression is useful when considering how χ (2)R varies
with infrared wavenumber. First, it is separated into real and imaginary components:
χ (2)R =
B
ωv − ωIR − iΓ
χ (2)R =
B
ωv − ωIR − iΓ ·
ωv − ωIR + iΓ
ωv − ωIR + iΓ
χ (2)R =
ωv − ωIR + iΓ
(ωv − ωIR)2 + Γ2
χ (2)R =
ωv − ωIR
(ωv − ωIR)2 + Γ2 + i
Γ
(ωv − ωIR)2 + Γ2
(2.25)
and these terms can be plotted against wavenumber to produce the graph shown in
Figure 2.7.
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Figure 2.7: The real and imaginary components of χ (2)R for a resonance
centred at 2900 cm-1 (i.e. ωv= 2900 cm-1). Γ has been arbitrarily set to
1. Reproduced with permission from [20].
2.2.4 Interpreting sum-frequency spectra of CH & CD vibra-
tional modes
β , the molecular property from which χ (2)R arises, depends on both the infrared and
Raman transition moments. Therefore, observing an SFG signal requires that a molecular
vibration is both infrared and Raman active. C-H vibrational modes full this requirement,
and are therefore good candidates for SFG spectroscopy. The majority of the spectra
in this report are taken in the range 2800-3000 cm−1, where the C-H resonances occur.
A list of common C-H and C-D assignments are given in Table 2.2. SFG spectra of the
C-H modes are normally assigned by comparison to infrared and Raman spectra [26].
This is assisted by examining the phase and intensity in dierent polarisation modes
and applying the polarisation selection rules derived by Lu et al. [12, 27]. For the CH3
group, the selection rules relevant to the SSP and PPP polarisations are:
• For the symmetric mode, the SSP intensity is always many times that for PPP.
• For the antisymmetric mode, the PPP is always many times that for SSP, and both
peak when the tilt angle of the group is 54.7°
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• In SSP spectra, the antisymmetric and symmetric modes will negatively interefere
where their frequencies overlap
For the CH2, the relevant selection rules are very similar:
• For the symmetric mode, the SSP intensity is always many times that of PPP.
• For the antisymmetric mode, the PPP is always many times that for SSP. That is
to say, if there is any peak which is stronger in the SSP than the PPP spectra, it
cannot be from the antisymmetric mode.
• In SSP spectra, the antisymmetric and symmetric modes will negatively interefere
where their frequencies overlap when their orientations are similar.
Table 2.2: SFG peak assignments in the CH [8] and CD [28] stretching
regions
Mode Description CH /cm-1 CD /cm-1
d+ Methylene symmetric stretch 2846-2850 2103
r+ Methyl symmetric stretch 2868-2878 2073
d- Methylene antisymmetric stretch 2890-2915 2200
r- Methyl antisymmetric stretch 2960-2966 2220
d+FR Methylene symmetric stretch Fermi resonance 2904-2954 2145-2167
r +FR Methyl symmetric stretch Fermi resonance 2926-2938 2130
The ability to probe specic elements of the second-order susceptibility, as shown in
Table 2.1, also has implications for the observable modes for each polarisation combi-
nation, which can give rise to selection rules. For a vibrational mode to give rise to an
SFG response, it must have some component of βαβγ that contributes to the elements
of the macroscopic second-order susceptibility, χ (2)
ijk
, that are being probed. In the PPP
polarisation, the combined elements of χ (2)
ijk
being probed means that this eect does not
limit the orientation of modes being probed. However, in the SSP polarisation, χyyz is
the only element being probed, and in this case only modes that have a component of
their transition moment parallel to the surface normal can contribute to the spectrum.
46
The fact that χ (2)R is zero in a centrosymmetric environment, as described in Section 2.2.3
also has signicant implications for the interpretation of SFG spectra. In a monolayer of
surfactant containing an all-trans polymethylene chain, the methylene (-CH2) groups
are locally centrosymmetric, and so are SFG inactive. Therefore, the spectrum will only
contain r resonances which arise from methyl (-CH3) groups, as shown in gure 2.8a. If
some gauche defects are introduced, the local centrosymmetry is broken, and therefore
SFG is no longer forbidden. The spectrum will now also contain d resonances (gure 2.8b)
arising from methylene groups adjacent to the defect. As further disorder is introduced,
the orientation of the alkyl chains becomes essentially random, and SFG intensity de-
creases due to polar orientational averaging (gure 2.8d). Therefore, as the number of
gauche defects increases, the intensity of the d resonances will increase to a maximum
and then decrease, while the r resonances will decrease monotonically.
47
(a) (b)
(c) (d)
Figure 2.8: Simulated sum-frequency spectra of monolayers which are
fully ordered (a) to completely disordered (d). Reproduced from [20]
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2.2.5 Modelling sum-frequency spectra
As stated above, a single resonant susceptibility may be expressed as:
χ (2)R =
B
ωv − ωIR − iΓ (2.24)
where ωv is the frequency of the vibrational mode, and ωIR is the infrared frequency,
Γ is the relaxation time of the vibrationally excited state, and B is the strength of the
resonance, as dened in Equation (2.22). The magnitude of χ (2)R is given by:
|χ (2)R | =
√
B
ωv − ωIR − iΓ ·
B
ωv − ωIR + iΓ
|χ (2)R | =
√
B2
(ωv − ωIR)2 + Γ2
(2.26)
This has a similar form to the equation for a Lorentzian curve:
y =
HW 2
(ωv − ωIR)2 +W 2 (2.27)
where H is the height of the resonance, andW is the half width at half the maximum
height (HWHM). The infrared wavenumber, ωIR , is used as the x coordinate. By compar-
ing Equations (2.26) and (2.27), χ (2)R can be expressed as:
|χ (2)R | =
√
HW 2
(ωv − ωIR)2 +W 2 (2.28)
so that B =
√
HW , and Γ =W . However, Equation (2.28) does not account for the phase
of the resonant signal. Given that χ (2)R is complex in nature, it may also be expressed in
polar coordinates,
χ (2)R = |χ (2)R |eiδ (2.29)
where |χ (2)R | is the absolute magnitude and δ is the phase of the resonant susceptibility.
Expressing Equation (2.21) in polar coordinates and expanding gives:
ISF ∝ |χ (2)R + χ (2)NR |2
ISF ∝ ||χ (2)R |eiδ + |χ (2)NR |eiε |2
ISF ∝ ||χ (2)R |2 + |χ (2)NR |2 + 2|χ (2)R | |χ (2)NR | cos (ε − δ )
(2.30)
where δ and ε are the phases of the resonant and non-resonant terms, respectively.
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Substituting in Equation (2.28) gives:
ISF ∝ HW
2
(ωv − ωIR)2 +W 2 + |χ
(2)
NR |2 + 2|χ (2)NR |
√
HW 2
(ωv − ωIR)2 +W 2 cos (ε − δ ) (2.31)
The term cos(ε − δ ) can be analysed further. By plotting Equation (2.29) on an Argand
diagram (Figure 2.9), trigonometry can be used to express δ as:
δ = tan−1
(
Im[χ (2)R ]
Re[χ (2)R ]
)
δ = tan−1
( −Γ
ωv − ωIR
) (2.32)
Substituting this into Equation (2.31), with the Lorentzian parameterW = Γ, gives:
ISF ∝ HW
2
(ωv − ωIR)2 +W 2 + |χ
(2)
NR |2
+ 2|χ (2)NR |
√
HW 2
(ωv − ωIR)2 +W 2 cos
[
ε − tan−1
( −W
ωv − ωIR
)]
(2.33)
This is the equation which is used to fully t SFG spectra which include non-resonant
backgrounds, such as those taken on metal. H , W , and ωv are initially estimated by
inspection, and then H ,W , ωv , χ (2)NR and ε are tted by using the Levenburg-Marquardt
least-squares algorithm to minimise the error between the modelled and recorded spectra.
The constant of proportionality is dicult to determine accurately, as it depends on the
overlap of the infrared and linear beams, the linear and non-linear Fresnel factors,2 and
the eciency of the detector. Additionally, the line-shape of a spectrum produced in an
actual SFG experiment depends on other experimental factors, such as the line widths
of the laser beams. These factors are often modelled by convolution of the Lorentzian
description of χ (2)R with a Gaussian distribution of vibrational frequencies [30].
2Fresnel factors describe the strength of the emitted E elds generated by the incident E elds. The
Fresnel factors depend on the polarisation of the light, the angle of incidence, and the refractive indices of
the transmission medium (often air) and the reection medium (the bulk material, such as water or gold
substrate). However, they do not normally change signicantly with wavenumber, and consequently do
not aect the interpretation of spectra (although there are exceptions [29]). Fresnel factors are discussed
in detail in the literature [17, 20, 23].
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For much of this thesis, spectra are obtained on dielectric materials. In these cases, χ (2)NR
is small enough to be negligible, and then only the rst term of Equation (2.33) remains.
In fact, these spectra can be t very satisfactorily using just simple Lorentzian peaks.
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Figure 2.9: An Argand diagram showing |χ (2)R | and δ varying with
wavenumber. The real and imaginary components of χ (2)R from Fig-
ure 2.7 are plotted on the x and y axes, respectively. Reproduced
from [20].
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3. Materials and methods
3.1 Chemicals used
Constituents of the binary surfactant system
• Genamin BTLF (Unilever), consisting of ∼70% docosyltrimethylammonium chlo-
ride (BTAC), ∼30% dipropylene glycol (DPG, itself a mixture of isomers).
• Lanette S3 (Unilever), principally cetostearyl alcohol (CetOH), with some stearyl
alcohol.
• A hand-made model hair conditioner made by manually grinding the Lanette S3
and Genamin BTLF in a mortar and pestle in a 2:1 mass ratio. Hereafter referred
to as “hand-made mixture”.
• A model hair conditioner provided by Unilever, produced by heating an aqueous
emulsion containing 2% Genamin BTLF and 4% Lanette S3 (by mass). Hereafter
referred to as “Unilever mixture”.
• A model hair conditioner provided by Unilever, produced by extruding an aqueous
mixture containing 2% Genamin BTLF and 4% Lanette S3 (by mass) back and forth
between two syringes at 63℃. Hereafter referred to as "RR63".
• A model hair conditioner provided by Unilever, produced by extruding an aqueous
mixture containing 2% Genamin BTLF and 4% Lanette S3 (by mass) back and forth
between two syringes at 80℃. Hereafter referred to as "RR80".
Behenyltrimethylammonium surfactants at the air/water and
air/glass interfaces
• Genamin BTLF (Unilever), consisting of ∼70% docosyltrimethylammonium chlo-
ride (BTAC), ∼30% dipropylene glycol (DPG, itself a mixture of isomers).
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• Genamin BTMS (Clariant) consisting of ∼80% docosyltrimethylammonium methyl
sulfate (BTMS), ∼20% isopropyl alcohol (IPA). This was ground to a powder in a
pestle and mortar and placed in a vacuum desiccator for 72 h for facile removal
of the IPA impurity. The removal of IPA was conrmed by Raman, IR, and mass
spectrometry. NMR and mass spectrometry recordings showed no other signicant
impurities.
• Deuterated hexadecyl-d33-trimethylammonium bromide (d-CTAB), >99.5%, Sigma-
Aldrich
• Sodium methyl sulfate, >92% (<3% methanol, <5% water are the primary impurities),
Sigma-Aldrich
Cell membrane model substrates
• Gold slide (made in-house) - a glass slide with a gold surface produced by thermal
evaporation of gold onto a clean glass slide.
• T10 slide (provided by SDx Tethered Membranes) - a glass slide with a gold surface,
upon which a 9:1 mixture of benzyldisulphide TEG-OH (the spacer) and benzyld-
isulphide PEG phytanyl (the tether) had been self-assembled (see Section 1.3.1 for
details).
Phospholipids
• 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE), >99%, Avanti Polar
Lipids
• Deuterated 1,2-dipalmitoyl-d62-sn-glycero-3-phosphoethanolamine (d-DPPE),
>99%, Avanti Polar Lipids
• 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), >99%, Avanti Polar Lipids
• Deuterated 1,2-dipalmitoyl-d62-sn-glycero-3-phosphocholine (d-DPPC), >99%,
Avanti Polar Lipids
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• Deuterated 1,2-dipalmitoyl-d75-sn-glycero-3-phosphocholine-1,1,2,2-d4-N,N,N-
trimethyl-d9 (d75-DPPC), >99%, Avanti Polar Lipids
Surfactin
• Surfactin from Bacillus Subtilis, C53H93N7O13, >98%, Sigma-Aldrich
• Surfactin with deuterated leucine residues, from Bacillus Subtilis (made in-house -
see Section 3.9 for details).
3.2 Cleaning
Glass
Glassware and glass slide substrates were cleaned by soaking in DECON 90 for a minimum
of 24 hours, and then rinsed with ultrapure water (>18.2 MΩcm) 20 times. Glass slides
were also cleaned by UV ozone for 30 minutes.
Gold substrates
Gold-coated glass slides were cleaned by UV ozone for 30 minutes.
T10 slides
T10 slides, which have organic materials bound to the gold surface, could not be cleaned
by UV ozone. Instead, they were cleaned by repeated rinsing with both ultrapure water
(>18.2 MΩcm) and ethanol (≥99.9% HPLC grade, Sigma)
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Langmuir-Blodgett (LB) trough
The cleaning procedure was largely the same for both the NIMA and custom troughs,
both of which are described in the next section, 3.5. The troughs were cleaned with
tissue soaked in water, followed by tissue soaked in chloroform. For the custom trough,
the injection ports were also cleaned by ushing water and ethanol through them using
an aspirator. Ultrapure water was placed into the trough, and a surface pressure/area
isotherm taken using a paper Wilhelmy plate to measure the surface pressure. The water
surface was cleaned of surface contamination with an aspirator, and another isotherm
was taken. This was repeated until the isotherm showed a <0.1 mN/m increase in surface
pressure over a full barrier compression. The clean water sub-phase was then used for
deposition procedures, as described in Section 3.5).
3.3 Sum-frequency spectroscopy
SFG spectra were recorded in SSP and PPP polarization combinations (sum-frequency,
visible, infrared) using a picosecond spectrometer (EKSPLA, Vilnius, Lithuania). The
second harmonic of a mode-locked Nd:YAG laser (Ekspla PL4431B) provided the visible
beam at 532 nm (30 ps pulses at 50 Hz). Tunable infrared beams in the 1000-1800 and
2700-4000 cm-1 regions were produced by an optical parametric generator (Ekspla PG401).
The input IR and visible laser beams were overlapped in a copropagating geometry at
angles of 53° and 60°, respectively, to the surface normal.
Heated stage
For spectra taken at temperatures greater than room temperature, a metal stage, contain-
ing a cartridge heater controlled thermostatically by a Eurotherm PID controller, was
used, with the sample placed atop this (Figure 3.1).
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Figure 3.1: A cross-sectional diagram of the heated stage used for SFG
experiments of samples at high temperatures. The sample (1) is placed
on the metal SFG stage (2). A cartridge heater (3) controlled by a PID
controller (not shown) is inserted into the stage. A thermostat (4) also
connected to the PID controller is inserted alongside the heater. This
allows the stage and sample to be heated, and maintained at the desired
temperature.
Liquid cell
Sum-frequency spectra of samples under liquids were taken using a liquid cell constructed
in-house, a diagram of which is shown in Figure 3.2.
Spectroscopy at the air/water interface
SFG spectra of surfactants at the air/water interface were initially conducted using a
small PTFE trough (dimensions 2.2 by 9.5 cm), with a small PTFE-coated steel bar atop
this, which could be moved by hand to compress the monolayer at the interface. This
was the method used for the spectra in Chapters 5 and 7. Later, spectra at the air/water
interface were conducted using a custom-built PTFE trough with a computer-controlled
barrier (a schematic of the trough is shown in Figure 3.3). This was the method used for
the spectra in Chapter 8.
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Figure 3.2: A cross-sectional diagram of the liquid cell used for SFG
experiments on substrates under liquids. A clamp (1) holds the prism
(2) down against a teon seal (3). Liquid can be introduced or ushed
through via inlet/outlet tubes (4). The sample (5) is held within the
cell body (6) against the prism, by a plunger (7) which can also be
connected to a vacuum line in order to function as the dipper in the
Langmuir-Schaefer setup.
3.4 Infrared spectroscopy
All spectroscopy experiments were conducted using an FT-IR spectrometer (Perkin-Elmer
100) tted with a liquid-nitrogen-cooled mercury-cadmium-telluride (MCT) detector,
with dierent accessories for Attenuated Total Reection (ATR) and Reection Ab-
sorption Infrared Spectroscopy (RAIRS). ATR spectra were recorded using a diamond
ATR accessory (Specac Heated Golden Gate™ Type IIIA). RAIRS spectra of phospho-
lipid/surfactin systems were recorded using a grazing-angle reectance accessory (Specac
Monolayer/Grazing Angle Specular Reectance Accessory) with a polariser and a custom-
built PTFE trough (described in 3.5). The mirrors were adjustable, enabling a range of
angles of incidence to be used.
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3.5 Langmuir-Blodgett (LB) trough techniques
Standard surface pressure - area (pi-A) isotherms and experiments involving mono-
layer/bilayer on substrates were recorded using a commercial trough (NIMA 611) with
two symmetrical computer-controlled barriers and a central well for dipping substrates
(which was also computer-controlled). Due to the space limitations of the SFG sample
stage, sum-frequency spectroscopy experiments with simultaneous surface pressure
measurement of the air/water interface could not be done with the larger NIMA trough,
so a custom-built PTFE trough was used (see Figure 3.3). This trough had only one barrier,
the speed of which was controlled by a manually operated potentiometer and motor, and
multiple ports for injection into the subphase without disturbing the interfacial layer.
Reection adsorption experiments were conducted with a second custom-built PTFE
trough, which allowed for surface pressure measurements but did not have a barrier,
again due to space constraints of the RAIRS stage.
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Figure 3.3: A schematic diagram of the Langmuir trough setup used
for SFG experiments of liquid/air interfaces with simultaneous surface
pressure measurements. A variable-speed motor (1) drives a belt (2) to
which a moveable teon barrier (3) is attached, allowing compression
of monolayers on the water surface (4). Surface pressure changes are
recorded by a surface pressure sensor (5) which is clamped to the back
of the SFG laser box. Injection ports (6) are placed at 3 points in the
wall of the trough, so that injections into the subphase can be behind
or in front of the barrier, and at dierent distances from the beam spot
(7) and from the Wilhelmy plate (beneath the surface pressure sensor)
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Figure 3.4: A schematic diagram of the Langmuir trough and optical
path used for RAIRS experiments of liquid/air interfaces with simultane-
ous surface pressure measurements. The infrared beam (1) is reected
by adjustable mirrors (2) onto the water surface (3) at the desired inci-
dent angle, and then through to the MCT detector (4). Surface pressure
changes are recorded by a surface pressure sensor (5) which is clamped
to a baseplate.
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3.6 Preparation and spectroscopy of the binary sur-
factant system
Solutions of hand-made mixtures (0.008 g/ml) and Unilever samples (25 ml in 180 ml of
water, approximately equivalent to 0.008 g/ml of the hand-made solution) were prepared
with stirring. The solution was raised to a specic temperature, and a clean glass slide
(section 3.2) was placed into this mixture for 15 minutes. The glass slides were then rinsed
with ultrapure water to remove remaining bulk solution, and spectra were taken on a
temperature-controlled stage. This was repeated at the solution and stage temperatures
listed in the “Cold Stage” and “Hot Stage” experiments of Table 3.1.
For the ionic strength experiments, a sample was prepared as above, at 18℃, and then
excess calcium carbonate was added to the solution, and a second sample prepared.
Spectra were taken of these at the four temperatures shown in Table 3.1. The solubility of
CaCO3 varies markedly with temperature, and therefore only one solution temperature
was used.
3.7 Preparation of model cell membranes
Rapid solvent exchange (RSE)
A T10 slide was placed in a solution of d-DPPE in ethanol (1 mg/ml) for one hour, and
then copious water was added rapidly, diluting the ethanol and causing the d-DPPE to
come out of solution and deposit on the slide [1–3].
Langmuir-Blodgett (LB) deposition - producing a monolayer on a
substrate
A T10 slide, cleaned as described above, was placed into the clean water sub-phase,
clamped to a computer-controlled dipper. The DPPE was dissolved in chloroform
(1mg/ml) and slowly added drop-wise to the surface of the clean water sub-phase,
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Table 3.1: A list of the temperatures used in the binary surfactant
system experiments
Experiment Temperature (℃)
Series Solution Stage
18 18
Cold Stage 35 18
Experiments 40 18
45 18
18 18
Hot Stage 35 35
Experiments 40 40
45 45
18 18
Ionic Strength 18 35
Experiments 18 40
18 45
with the barriers fully open. The chloroform was allowed to evaporate for 30 minutes
(much longer than required), and the computer-controlled barriers were compressed
at 15 cm2/min to a surface pressure of 40 mN/m2. The T10 slide was then withdrawn
at 10 mm/min, whilst the surface pressure was maintained by the computer-controlled
barriers.
Langmuir-Schaefer (LS) deposition - producing a bilayer on a sub-
strate
The DPPE was solvent cast as above, and the barriers were compressed to a xed surface
pressure of 40 mN/m2, as for LB deposition. The substrate, held parallel to the surface of
the water by a vacuum to a computer-controlled dipper, was lowered at 10 mm/min into
the water, into an open liquid cell, the details of which can be found in section 3.3.
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3.8 Preparation and spectroscopy of
behenyltrimethylammonium surfactants
All experiments were conducted at room temperature (19℃). BTMS and BTAC are almost
completely insoluble under these conditions - the solubility of these surfactants is less
than their critical micelle concentration (CMC) (estimated to be 0.024 mM by extrapola-
tion from the available CMC data for shorter-chain trimethylammonium cationics [4]).
For isotherm measurements, BTMS and BTAC were spread from 4.2 mM chloroform
solutions (Fisher HPLC grade) onto Millipore water (>18.0 MΩcm) at pH 7, in an LB
trough (Nima 611, Coventry, U.K.). For SFG spectroscopy at the air/water interface, the
same surfactant concentration in chloroform solution was spread on Millipore water in
a bespoke Teon trough (dimensions 2.2 cm by 9.5 cm). Compression of the surfactant
layer on this trough was achieved by moving a Teon barrier manually. To record SFG
spectra of BTMS lms at the air/glass interface, the surfactant was LB-deposited onto a
clean glass slide from the surface of Millipore water at pH 7. The dipper was raised at
20 mm/min while computer-controlled barriers kept the surface pressure constant. To
record corresponding AFM images of BTMS at the air/solid interface, the surfactant was
LB-deposited onto a freshly cleaved mica substrate from the surface of Millipore water
at pH 7, as above. AFM images were recorded on an Agilent 5500 microscope in tapping
mode using a silicon cantilever (NSC15, MikroMasch, Russia) at 325 kHz with a spring
constant of 46 N/m.
3.9 Preparation of surfactin from Bacillus Subtilis
The following paragraph is reproduced from the account written by Dr Annabel Mur-
phy [5], who prepared the deuterated surfactin for the experiments described in Chapter 7:
"Production of partially deuterated surfactin was carried out following protocol described
by Shen et al [6]. Bacillus subtillus BBK006 was inoculated into lysogeny broth (LB)
medium and incubated at 30℃ for 16 hours. A 1% subculture was inoculated in 20mL
of M9 minimal medium (glucose, 0.2% w/v; Na2HPO4 · 2 H2O, 34 mM; KH2PO4, 22 mM;
NaCl, 8.6 mM; NH4Cl, , 9.4 mM; MgSO4, 1 mM; CaCl2, 0.3 mM; biotin, 1 µg/L.; thiamin,
1 µg/L; EDTA, 0.13 mM; FeCl3, 31 µM; ZnCl2, 6.2 µM; CuCl2, 0.76 µM; CoCl2, 0.42 µM;
H3BO3, 1.6 µM, MnCl2, 0.08 µM) and the culture was incubated at 30℃ for 48 hours with
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shaking at 250 rpm. This seed culture was used to inoculate (10%) 2 × 100 ml of M9
medium containing 0.04% (w/v) deuterated D/L-leucine (D10), in 500 ml unbaed shake
asks. The culture was incubated at 30℃ for 48 hours with shaking at 250 rpm. Cells
were removed by centrifugation and the supernatant subjected to sterile ltration then
acidied to pH 2 with 1M HCl, whereupon a ne precipitate was formed. The precipitate
was extracted using CH2Cl2, and after drying over MgSO4, the solvent was removed in
vacuo. Further purication was achieved following the protocol described by Cooper
et al [7]. Production of partially deuterated surfactin was conrmed by proton NMR
(Bruker 400 MHz Avance III HD Spectrometer) and high resolution mass spectrometry
using positive ion electrospray ionization (Waters Xevo G2-S QTOF). These spectra are
available in the supporting information of [5]. Labelled surfactins A, B, and C were
identied, with masses indicating that the deuterium atoms located at the alpha-carbons
of the leucine residues had been replaced by protons during the course of fermenta-
tion, such that 9 deuterium atoms were incorporated per leucine residue. In addition,
surfactins A and C featuring D9 labelling of the fatty acid side-chain were observed,
presumably via the conversion of leucine-D10 into isovaleryl-CoA and its subsequent
use as a starter unit for fatty acid biosynthesis. "
3.10 Sum-frequency spectroscopy of the
phospholipid/surfactin system
Sum-frequency spectroscopy of the phospholipid monolayer on water was conducted
using the custom trough described earlier (and shown in Figure 3.3). When placed in
the SFG sample area, this trough allowed for simultaneous measurement of the surface
pressure and sum-frequency intensity, and therefore all spectra recorded in this manner
have an associated surface pressure measurement. The trough was cleaned as described
in section 3.2, and lled with ultrapure water so that a positive meniscus was present.
The Wilhelmy plate was given time to absorb water until the surface pressure reading
had reached a constant value, which was set as the zero point. After this point, the
surface pressure sensor data were recorded until the end of the experiment. The barrier
was opened and approximately 30 µl of 1 mM phospholipid in chloroform solution was
added to the surface, dropwise, from a 250 µl syringe. The chloroform was allowed to
evaporate (for at least 20 minutes), and then the barriers were compressed until the
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surface pressure reached the required value. Following this, the monolayer undergoes
some relaxation, and a reduction in surface pressure of approximately 3-6 mN/m was
observed. The monolayer was allowed to reach equilibrium (about 15-20 minutes) and
spectra were taken of this initial system. At this point, the spectrometer was set to
continuously record the intensities at two wavelengths (e.g. 2076 cm-1 and 2878 cm-1
in order to monitor the C-H and C-D r+ signals). It does this by recording at each
wavelength for 400 acquisitions, and repeating until the end of the experiment. This
number of acquisitions corresponds to a time resolution of roughly 20 seconds. After
approximately 5 minutes to establish the initial intensity of these signals, 25 µl of a
surfactin solution (1.88 mM) in DMSO was injected through the port nearest the surface
pressure sensor, and the surface pressure and SFG intensities were monitored until the
experiment reached its conclusion, whereupon further spectra were recorded of the
system in its nal state.
3.11 Reection absorption infrared spectroscopy of
the phospholipid/surfactin system
As for the sum-frequency experimental arrangement, a custom trough allowed for
the simultaneous collection of surface pressure data and infrared spectra. Due to the
limitations of the RAIRS sample stage, the experimental method was similar except for
two things. Firstly, due to the lack of a compressible barrier, the monolayer was prepared
by addition of extra solution until the surface pressure sensor read 15 mN/m. Secondly,
the surfactin solution was injected directly through the surface monolayer. The syringe
needle was wiped clean before injection, with a small amount of air in the needle to
ensure that no surfactin contaminated the surface. To conrm that this did not aect the
results, this methodology was validated by using it in the sum-frequency experiment
and compared to the method described previously (in 3.10), and found to be satisfactory.
For time-dependent results, the spectrometer was set to continuously recorded spectra
of 150 acquisitions each, giving a time resolution of roughly 7 minutes 20 seconds. In
these experiments, spectra were recorded in P-polarisation with the angle of incidence
set to 28°.
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4. The eects of ionic strength and
temperature on the adsorption of
surfactant mixtures
The following chapter will present spectra of monolayers self-assembled from solutions
of Unilever and hand-made mixtures (both of which are mixtures of CetOH and BTAC,
see Figure 4.1), at various temperatures as described in Section 3.6. These studies focus on
their adsorption behaviour from solution. The monolayer self-assembles on the glass with
a molecular area determined by the solution conditions. This molecular area determines
the range of tilt angles available to the molecules in the monolayer. A smaller molecular
area requires that the molecules have a smaller tilt angle. A large molecular area will
either cause the surfactants to tilt over in order to maintain favourable van der Waals
interactions, or cause gauche defects to form in order to increase the cross-sectional
area of the alkyl tail, again to maintain the favourable van der Waals forces [1, 2]. In
the "cold-stage" experiments, monolayers were produced by self-assembly from heated
solutions onto glass slides, and spectra were recorded at room-temperature. In the
"hot-stage" experiments, monolayers were again produced by self-assembly from heated
solutions onto glass slides, but the spectra were recorded at the same temperature as the
solution. For experiments examining the eect of ionic strength, monolayers were rst
produced from a room-temperature solution without calcium carbonate, and a spectrum
was taken on the heated SFG sample stage. This was then repeated with a second sample
after adding excess calcium carbonate to the solution. Calcium carbonate was used in
order to replicate the eect of "hard" water.
In all spectra taken in the SSP polarisation in this chapter, three resonances can be
modelled. These are the r+ (at 2878 cm-1) and r+FR (at 2940 cm
-1), arising from the methyl
symmetric stretch and its Fermi resonance, and the d+ (at 2855 cm-1, which corresponds
to the methylene symmetric stretching mode. In the SSP polarisation, the ratio of the
r+/d+ resonances is often used to evaluate monolayer packing and ordering, and these
are given in Table 3.1 for all the SSP spectra presented. One issue here is that because
these monolayers are very well ordered, the size of the d+ resonance becomes very small,
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OH
(a)
N+
Cl-
(b)
Figure 4.1: (a) Hexadecan-1-ol (also known as cetyl alcohol, CetOH).
(b) N,N,N-trimethyldocosan-1-aminium chloride (Behenyl trimethy-
lammonium chloride, BTAC)
and errors in tting can be very large. The reported error of the r+/d+ ratio arises mostly
due to the error in the tting of the d+ peak, whereas the r+ peak is easily tted. This
is the reason that the standard error tends to be smaller for lower r+/d+ ratios - the d+
resonance has become larger and therefore easier to t accurately. In fact, the standard
errors from the tting procedure are probably underestimated; small changes in peak
centres or in the baseline correction can produce a large change in the calculated d+ area,
and this is not accounted for in the error calculation.
In the spectra taken in the PPP polarisation, a clear resonance appears in all spectra at
2966 cm-1 (corresponding to r-, the methyl antisymmetric stretch). The r+ (at 2878 cm-1),
d- (at 2915 cm-1) and r+FR (at 2940 cm
-1) are also present in some of the spectra, although
in others they barely rise above the noise level, or are absent completely.
4.1 "Cold-stage" experiments
The spectra in Figure 4.2 were all taken at room-temperatures (18℃, on the unheated
SFG sample stage) after assembly at the solution temperatures indicated on the plots.
Neither the PPP nor the SSP spectra of either of the mixtures display any systematic
trends upon increasing the temperature of self-assembly. This indicates that the quality
of the monolayers is not signicantly disturbed by varying the self-assembly temperature
in the range explored. It is certainly possible that the ratio of CetOH:BTAC changes
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at dierent temperatures, but since they have similar alkane tails, this is not directly
discernible by SFG since no isotopic enrichment was used.
Comparing the Unilever to the hand-made samples; the SSP spectra show no dierences,
except perhaps slightly larger d+ resonances (at 2855 cm-1) from the hand-made samples.
The spectra of both the Unilever and hand-made mixtures (Figures 4.2a and 4.2c) have
r+/d+ ratios consistent with a well-ordered monolayer [3]. In the PPP, the r+ (at 2878 cm-1)
is very slightly larger in the Unilever sample, but otherwise all of these spectra are
essentially those of a well-ordered alkane monolayer.
2 8 0 0 2 8 5 0 2 9 0 0 2 9 5 0 3 0 0 00
2 04 0
6 0
8 0
1 0 01 2 0
1 4 0
1 6 01 8 0
2 0 0
2 2 0
2 4 02 6 0
2 8 0
3 0 03 2 0
3 4 0  4 5 ° C 4 0 ° C 3 5 ° C 1 8 ° C
SFG
 Sig
nal 
[arb
itra
ry u
nits
]
W a v e n u m b e r  [ c m - 1 ]
(a) SSP polarisation spectra of hand-made
sample. Scaled so that the peak at 2878 cm-1
is the same height in all samples.
2 8 0 0 2 8 5 0 2 9 0 0 2 9 5 0 3 0 0 00
2 0
4 0
6 0
 4 5 ° C 4 0 ° C 3 5 ° C 1 8 ° C
SFG
 Sig
nal 
[arb
itra
ry u
nits
]
W a v e n u m b e r  [ c m - 1 ]
(b) PPP polarisation spectra of hand-made
sample. Scaled so that the peak at 2966 cm-1
is the same height in all samples.
2 8 0 0 2 8 5 0 2 9 0 0 2 9 5 0 3 0 0 00
2 0
4 0
6 0
8 0
 4 5 ° C 4 0 ° C 3 5 ° C 1 8 ° C
SFG
 Sig
nal 
[arb
itra
ry u
nits
]
W a v e n u m b e r  [ c m - 1 ]
(c) SSP polarisation spectra of Unilever sam-
ple. Scaled so that the peak at 2878 cm-1 is
the same height in all samples.
2 8 0 0 2 8 5 0 2 9 0 0 2 9 5 0 3 0 0 00
2 0
4 0
6 0
8 0
1 0 0  4 5 ° C 4 0 ° C 3 5 ° C 1 8 ° C
SFG
 Sig
nal 
[arb
itra
ry u
nits
]
W a v e n u m b e r  [ c m - 1 ]
(d) PPP polarisation spectra of Unilever
sample. Scaled so that the peak at 2966 cm-1
is the same height in all samples.
Figure 4.2: Sum-frequency spectra obtained on a room-temperature
stage. Samples were prepared by self-assembly onto glass slides from a
solution at the temperature indicated on the graphs.
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4.2 "Hot-stage" experiments
The spectra in Figure 4.3 were taken at the same temperature as the solution temperature
used for self-assembly. In the SSP spectra (Figures 4.3a and 4.3c), the r+/d+ ratio is
consistent with a good monolayer at all temperatures. However- in this case, the ratio
decreases as the stage temperature increases, as quantied in Table 4.1, indicating that
more gauche defects are present at higher temperatures. This trend is clearer in the
Unilever mixture (Figure 4.3c). In addition, a slight peak shift to higher wavenumbers can
be observed at higher temperatures, similar to the shifts seen in infrared spectroscopy.
This type of peak shift is often dicult to detect, and in fact it is hardly noticeable in
Figure 4.3a. One of the advantages of SFG over some other spectroscopic techniques
such as RAIRS is that it is much easier to see the increasing intensity of the d+ peaks
than the small peak shifts as the monolayer order decreases [4].
In the PPP spectra (Figures 4.3b and 4.3d), a clear dierence is seen between the two
mixtures. For the Unilever samples, as the self-assembly and stage temperature increases,
the r+, d-, and r+FR peaks become stronger, and the r
- peak becomes weaker. A new peak
also appears at 2855 cm-1, assigned to the d+ resonances. This trend is not present in the
hand-made samples.
While the Unilever and hand-made mixture appear very similar to each other in the
cold-stage experiments, the hot-stage experiments reveal a marked dierence in their
response to temperature. The Unilever mixture has preservative additives included which
may aect the structure; however, the surface-active constituents of the Unilever and
hand-made mixtures are the same. In dilute solutions, these constituents, the surfactants
BTAC and CetOH, will dominate the surface activity of the mixture. If the observed
dierence in temperature response is not due to the constituents, it could be due to the
microstructure of the material (for example a lamellar sheet structure or a spherical
micelle structure). This might aect the proportions of CetOH/BTAC which adsorb onto
the glass, or the packing density of the monolayer as it adsorbs onto the glass slide.
These factors are related; the ratio of CetOH/BTAC aects the proportion of positively
charged molecules in the monolayer. For example, a very low proportion of BTAC would
encourage a higher density monolayer, to neutralise the negatively charged glass surface,
and also because charge-charge repulsion would not be as great a factor. The density
of the monolayer dictates the molecular area of each surfactant chain and therefore
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Figure 4.3: Sum-frequency spectra, acquired on a heated stage, of
samples prepared by self-assembly from solution onto glass slides. The
stage temperature, equal to the solution temperature in each case, is
indicated by the legend on each graph.
their tilt angle - a high molecular area should cause them to be more tilted to maintain
favourable van der Waals interactions [1, 2].
The data suggest that this could be the case for the Unilever samples. At higher solution
temperatures, a less densely packed monolayer is formed, resulting in a larger tilt angle.
At higher stage temperatures, the alkane-chain tilt angles decrease, allowing more room
for gauche defects to occur. The spectra of the Unilever sample hot-stage experiments
support this; at higher stage/solution temperatures, the SSP spectra show decreasing r+/d+
ratios indicating a greater proportion of gauche defects, as do the d+ and d- resonances
in the PPP spectra. Additionally, the PPP spectra show an increasing r+/r- ratio at higher
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temperatures. According to the polarisation selection rules [5], this suggests that the
tilt-angle of the monolayer is decreasing (see Figure 4.4) as the temperature increases.
In contrast, the spectra of the hand-made samples indicate that these monolayers are
more resilient to increasing temperature. Although the PPP spectra of the Unilever and
hand-made spectra look close to identical at 18℃, implying that the tilt angles are initially
similar, the PPP spectra of the hand-made sample show little or no evidence of decreasing
tilt angle at higher temperatures. Additionally, the SSP spectra r+/d+ ratios indicate a
more muted decrease in monolayer order with increasing temperature compared to the
SSP spectra of the Unilever sample. Therefore, the preparation method appears to be
important for the temperature susceptibility.
On reviewing these results, Unilever R&D suggested that this might be due to the
microstructure that is formed by dierent preparation methods. The samples prepared
at Unilever are thought to have a lamellar sheet microstructure, whereas the mixture
prepared by hand has an unknown microstructure.
Table 4.1: r+/d+ ratios (from the area of tted peaks) for the SSP spectra.
Temperature Cold-stage, Hot-Solution Hot-stage, Hot-Solution
(℃) r+/d+ ratio r+/d+ ratio
18 3.4 ±0.5 3.4 ±0.5
Handmade 35 2.4 ±0.4 5.0 ±0.7
Mixture 40 2.1 ±0.3 1.6 ±0.3
45 3.0 ±0.5 1.1 ±0.4
18 3.7 ±0.6 3.7 ±0.6
Unilever 35 4.5 ±0.7 4.8 ±0.2
Mixture 40 2.4 ±0.6 2.1 ±0.3
45 3.3 ±0.4 1.5 ±0.2
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Figure 4.4: Calculated SFG intensities as a function of tilt angle, plot-
ted for each of the dierent polarisation combinations. Reproduced
from [5]. Copyright 2005 American Chemical Society. The top graph
shows the variation of the methyl symmetric stretch (r+) resonances,
and the bottom graph shows the variation of methyl antisymmetric
stretch (r-) resonances. Superimposed onto this is an example of a tilt
angle change (blue to red) that would cause the r+/r- ratio to increase.
4.3 Eect of ionic strength on the temperature prop-
erties
In general, increasing ionic strength would be expected to improve the quality of the
self-assembled monolayers by shielding charge-charge repulsion of the BTAC [6], so
that a greater density of surfactant adsorbs onto the surface. Divalent counter-ions (such
[CO3]2 – ) generally increase the aggregation number of oppositely charged surfactants,
and preferentially interact with the surfactants, expelling monovalent cations in com-
petition [7]. This would reduce the number of gaps in the monolayer on the substrate,
resulting in a more dense, more stable monolayer. Since the monolayers produced were
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already of good quality, the eect of ionic strength was not expected to be large. Figure 4.5
shows the spectra obtained when the surfactant solution was saturated with CaCO3.
The SSP and PPP spectra of the handmade solutions indicate that the monolayer quality
decreased slightly when formed from a solution containing CaCO3. For the Unilever
mixture, the SSP spectra are identical within their signal-to-noise ratios, and the PPP
spectra indicate a very slight increase in monolayer quality at higher temperatures when
CaCO3 was present.
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Figure 4.5: Comparison of sum-frequency spectra obtained on a stage
heated to the indicated temperature, of samples that were were pre-
pared from room-temperature solutions with CaCO3 (red lines) and
without CaCO3 (black lines).
In the case of the Unilever mixture, the PPP spectra (Figure 4.5d) do indicate that the
monolayer is less susceptible to temperature increase, supporting the idea that the
carbonate has increased the monolayer quality. Conversely the monolayers produced
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from the hand-made samples become more susceptible to temperature increases when
CaCO3 was present in the solution, and evidence of this is seen in both the SSP and
the PPP spectra (Figures 4.5a and 4.5b). This implies a less well-packed monolayer was
formed. If there are fewer BTAC molecules in the monolayer, replacing chloride ions with
carbonate ions might have a destabilising eect. This might be because the carbonate is
larger than the chloride ion, increasing the distance between alkane chains further, but
does not return as much stabilisation from favourable interactions with the positively
charged head-groups of the BTAC molecules. In general, the solubility of CaCO3 is very
low (approximately 0.00013M at 18℃ [8]), and the slight increase in ionic strength has
not made much dierence to the monolayer quality, which was already good to begin
with.
There is another point to be made about these data, focusing on the red spectra in
Figures 4.5c and 4.5d (i.e. ignoring those with CaCO3). Although the stage temperatures
are increasing in these experiments, the spectra of the Unilever mixture do not show
the same trend as seen in the previous section, in Figures 4.3c and 4.3d. The dierence
between these two sets of experiments is the temperature of the solution that was used
during the self-assembly of the monolayer. For example, in Figures 4.5c and 4.5d, the red
45℃ spectrum represents a sample that was produced from solution at 18℃. Although
this sample was heated to 45℃ on the SFG stage, there is little evidence of gauche
defects. In contrast, the 45℃ spectra of Figures 4.3c and 4.3d represent a sample that
was produced from a solution at 45℃, and when heated to 45℃ on the SFG stage large
d+ resonances are observed, indicating the presence of gauche defects. This supports
the idea that at low solution temperature, a high-density monolayer is produced with
a low tilt angle, whereas at a high solution temperature, a lower-density monolayer is
produced with a greater tilt angle. When heated on the SFG sample stage, the tilt angle
of the high-density monolayer cannot change signicantly, whereas the tilt angle of the
lower-density monolayer can be reduced to create room for gauche defects to form.
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4.4 Eect of formulation temperature on the deposi-
tion behaviour of model hair conditioners
Two further samples were supplied by Unilever, which were formulated at two dierent
temperatures. One involved the mixing of the ingredients at 63℃, and the other at 80℃,
labelled RR63 and RR80, respectively. Both include CetOH and BTAC as before, and
experiments to evaluate the behaviour of the two model hair conditioners followed a
similar pattern as previously - monolayers were deposited onto glass and spectra were
taken at the various temperatures shown in Table 3.1.
The cold-stage, hot-solution experiments indicate that at low temperature, the monolay-
ers are well packed, since regardless of the density on the substrate, the molecular tilt
angle increases enough that packing is good regardless, and therefore it is not possible
to observe the eects of solution temperature on the monolayer quality by SFG. In order
to reveal these eects, the monolayer must be heated, so that the tilt angle of less dense
monolayers is reduced and room is made for gauche defects to occur, resulting in a
change in SFG response. To separate the eects of stage temperature from the eect of
the solution temperature, a third set of experiments was conducted where the stage was
heated but the solution temperature remained xed.
As before, these spectra are all typical of good monolayers. Fitting the spectra results
in the r+/d+ ratios presented in Table 4.2. Comparing RR63 to RR80 indicates that RR63
produced monolayers with a slightly better ordering, especially at low temperature.
Table 4.2 reveals some strong similarities in how the performance of the model condi-
tioners changes at higher stage and solution temperatures. In all cases when the SFG
stage is not heated, it is dicult to spot any trend in the r+/d+ ratios of any of the
mixtures. However, the r+/d+ ratios drop when both the solution and stage temperatures
are increased. The extent to which this trend is still true when only the stage is heated is
dierent for each of the samples. For the homemade and Unilever samples, this trend
is much reduced, if it is present at all. However for RR63 and RR80, this trend is still
present to a similar extent when only the stage is heated.
Therefore, in the case of the Unilever and homemade samples, the solution temperature
has a strong eect on the density of the self-assembled monolayer. However, to observe
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(a) SSP polarisation spectra of the RR63 sam-
ple. Scaled so that the peak at 2878 cm-1 is
the same height in all samples.
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(b) PPP polarisation spectra of the RR63
sample. Scaled so that the peak at 2966 cm-1
is the same height in all samples.
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(c) SSP polarisation spectra of the RR80 sam-
ple. Scaled so that the peak at 2878 cm-1 is
the same height in all samples.
2 8 0 0 2 8 2 0 2 8 4 0 2 8 6 0 2 8 8 0 2 9 0 0 2 9 2 0 2 9 4 0 2 9 6 0 2 9 8 0 3 0 0 00 . 0 0 0
0 . 0 0 5
0 . 0 1 0
0 . 0 1 5
0 . 0 2 0
0 . 0 2 5
0 . 0 3 0  4 5 4 0 3 5 1 9
SFG
 Sig
nal 
[arb
itrar
y un
its]
W a v e n u m b e r  [ c m - 1 ]
(d) PPP polarisation spectra of the RR80
sample. Scaled so that the peak at 2966 cm-1
is the same height in all samples.
Figure 4.6: Sum-frequency spectra obtained on a room-temperature
stage. Samples were prepared by self-assembly onto glass slides from a
solution at the temperature indicated on the graphs.
this, the stage temperature must also be heated. The explanation for this behaviour is
as follows - at low solution temperature, the Unilever and homemade samples deposit
fairly densely on the surface, giving a close-packed monolayer with a small tilt angle.
When this dense self-assembled monolayer is heated, only a slight reduction in tilt angle
is possible, and as a result little room for gauche defects to appear. At higher solution
temperature, these samples deposit less densely, but with a higher tilt angle so that the
packing is still close. When this less dense monolayer is heated, a larger reduction in tilt
angle is possible, creating more room for gauche defects to appear.
For RR63 and RR80, the stage temperature alone is enough to account for the observed
change in r+/d+ ratios - the solution temperature does not appear to be strongly aecting
80
2 8 0 0 2 8 2 0 2 8 4 0 2 8 6 0 2 8 8 0 2 9 0 0 2 9 2 0 2 9 4 0 2 9 6 0 2 9 8 0 3 0 0 00 . 0 0
0 . 0 5
0 . 1 0
0 . 1 5
 4 5 4 0 3 5 1 9
SFG
 Sig
nal 
[arb
itrar
y un
its]
W a v e n u m b e r  [ c m - 1 ]
(a) SSP polarisation spectra of the RR63
sample. Scaled so that the peak at 2878 cm-1
is the same height.
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(b) PPP polarisation spectra of the RR63
sample. Scaled so that the peak at 2966 cm-1
is the same height.
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(c) SSP polarisation spectra of the RR80
sample. Scaled so that the peak at 2878 cm-1
is the same height.
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(d) PPP polarisation spectra of the RR80
sample. Scaled so that the peak at 2966 cm-1
is the same height.
Figure 4.7: Sum-frequency spectra, acquired on a heated stage, of
samples prepared by self-assembly from solution onto glass slides. The
stage temperature, equal to the solution temperature in each case, is
indicated by the legend on each graph.
the deposition of the monolayer. The fact that the stage temperature aects the r+/d+
ratio at all solution temperatures means that the monolayers are never as densely packed
as for the Unilever/homemade samples at low solution temperature. A cartoon depicting
these ideas is presented in Figure 4.9.
It has been found that cationic surfactant adsorption is decreased at higher temperatures.
This can be explained by entropy arguments - at higher temperatures, aggregation and
organisation on the surface is dis-favoured for the higher entropy systems of dissolved
surfactants and micelles [9–12]. Non-ionic surfactants, on the other hand, show the
opposite temperature-dependent behaviour. The authors proposed that the species that
are adsorbing onto the surface are in fact the solvated surfactant. At higher temperatures
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(a) SSP polarisation spectra of the RR63
sample. Scaled so that the peak at 2878 cm-1
is the same height.
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(b) PPP polarisation spectra of the RR63
sample. Scaled so that the peak at 2966 cm-1
is the same height.
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(c) SSP polarisation spectra of the RR80
sample. Scaled so that the peak at 2878 cm-1
is the same height.
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(d) PPP polarisation spectra of the RR80
sample. Scaled so that the peak at 2966 cm-1
is the same height.
Figure 4.8: Sum-frequency spectra, acquired on a heated stage, of
samples prepared by self-assembly from room-temperature solutions
onto glass slides. The stage temperature is indicated by the legend on
each graph.
the head group solvation is reduced, making it more hydrophobic, compact, and this
increases the surface activity so that a greater amount of surfactant is adsorbed [9, 13, 14].
The Unilever mixture displays a cationic-like behaviour, where the monolayer adsorption
is reduced at higher solution temperature. The RR63 and RR80 mixtures do not show
this trend, behaving more like non-ionic surfactants.
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Table 4.2: r+/d+ ratios (from the area of tted peaks) for the SSP spectra.
This table includes the results in table 4.1 for comparison
Temperature Cold-stage, Hot Soln Hot-stage, Hot Soln Hot-stage, Cold Soln
(℃) r+/d+ ratio r+/d+ ratio r+/d+ ratio
18 3.4 ±0.5 3.4 ±0.5 3.4±0.5
Handmade 35 2.4 ±0.4 5.0 ±0.7 3.6±0.4
Mixture 40 2.1 ±0.3 1.6 ±0.3 2.4±0.3
45 3.0 ±0.5 1.1 ±0.4 2.3±0.2
18 3.7 ±0.6 3.7 ±0.6 3.7±0.6
Unilever 35 4.5 ±0.7 4.8 ±0.2 3.1±0.5
Mixture 40 2.4 ±0.6 2.1 ±0.3 4.3±0.4
45 3.3 ±0.4 1.5 ±0.2 2.3±0.4
18 4.6 ±0.7 4.7 ±0.4 4.6±0.7
RR63 35 4.8 ±0.7 5.3 ±0.7 1.8±0.3
40 6.7 ±0.9 2.4 ±0.5 1.8±0.3
45 3.4 ±0.8 1.9 ±0.5 1.3±0.2
18 3.3 ±0.4 3.3 ±0.4 2.9±0.4
RR80 35 1.8 ±0.6 3.9 ±0.5 2.0±0.4
40 2.1 ±0.4 2.1 ±0.5 1.3±0.2
45 2.7 ±0.4 1.3 ±0.3 1.5±0.2
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(a) Cartoons depicting the proposed monolayer structure for the Unilever and
homemade samples at dierent stage/solution temperatures. As the solution
temperature is increased, the monolayer density decreases, although this
cannot be observed in the SFG experiments at low stage temperature (the cold-
stage, hot-solution experiments along the bottom). When the stage is heated,
the dierent density of monolayers becomes apparent as the tilt angle decreases.
Monolayers produced from low-temperature solutions are so well packed that
the small reduction in tilt angle is not enough to make room for gauche defects
at high stage temperatures (the hot-stage, cold-solution experiments going up
the left side). Monolayers produced from high-temperature solutions are less
well packed, and therefore gauche defects appear at higher stage temperatures
(as revealed in the hot-stage, hot-solution experiments).
(b) Cartoons depicting the proposed monolayer stucture for the RR63 and
RR80 samples at dierent temperatures. In this case, the monolayer density
is not signicantly aected by the solution temperature, so that heating the
stage produces a similar change in monolayer packing, regardless of solution
temperature.
Figure 4.9: Diagrams to explain the observed trends in r+/d+ ratios of the
SFG spectra presented in this chapter. Arrows show how the solution
and stage temperatures were changed in each set of experiments.
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5. Behenyltrimethylammonium
surfactants at the air/water
and air/glass interfaces
Quaternary ammonium cationic surfactants, or ‘quats’, are widely used in cosmetic
products such as hair conditioners and shampoos. Behenyltrimethylammonium methyl
sulfate (BTMS) and behenyltrimethylammonium chloride (BTAC) are two of the longest
chain quats in regular use (22 carbons long, as shown in Figure 5.1). Predicting the perfor-
mance of such a product requires an understanding of the behaviour and microstructure
of the ingredients in the environment that they would be used. In hair conditioners, the
product begins as a solution and ends up as a lm on the hair. Therefore, the behaviour
of the ingredients at both the air/water and air/solid interfaces is important.
Figure 5.1: Molecular structure of: (a) behenyltrimethylammonium
methyl sulfate (BTMS); (b) behenyltrimethylammonium chloride
(BTAC); and (c) partially deuterated cetyltrimethylammonium bromide
(d-CTAB).
In this chapter, BTMS and BTAC monolayers at the air/water interface were investigated
by surface pressure measurements, and sum-frequency generation spectroscopy (SFG).
A slow-collapse mechanism was observed following compression of the monolayer on
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the LB trough. Atomic force microscopy (AFM) and SFG were also used to investigate
BTMS and BTAC cast on mica or glass slides. LB deposition of the monolayers onto
glass can capture the state of the lm during the slow-collapse period. Deuterated
cetyltrimethylammonium bromide (d-CTAB) and D2O were used to conrm assignments
of the resonances of the behenyl surfactants on water. Sum-frequency spectra presented
in this chapter include SFG signals arising from CH bonds (2800-3000 cm-1), and signals
from OH bonds of water (above 3000 cm-1). Signals in the region 2000-2300 cm-1 arise
from the CD bonds of deuterated materials, and in the region 2300-2800 cm-1 arise from
D2O.
5.1 Surface pressure - area behaviour of BTMS and
BTAC
Figure 5.2: Plot of surface pressure against time following compression.
BTMS and BTAC lms were compressed on the Langmuir trough at a
rate of 50 cm2/min, the barrier arrested and the lms allowed to relax
over a period of 2 days. Note that the time scale changes from seconds
to hours after the compression is arrested.
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Figure 5.3: Surface pressure - area (pi-A) isotherms of BTMS and BTAC.
Collapse of the monolayers occurs above 40 mN/m.
Figure 5.2 shows the surface pressure - time (pi-t) plot of BTMS and BTAC during and after
compression of the monolayer on the Langmuir trough. Compression was arrested when
the surface pressure reached 30 mN/m, below the pressure at which rapid lm collapse
occurs (approximately 40 mN/m for both molecules, as shown in the conventional surface
pressure - area (pi-A) isotherm Figure 5.3). The plots show that the surface pressure
drops after this compression is halted. BTMS and BTAC are both highly insoluble in
water, and dissolution into the sub-phase can be ruled out on that basis. The drop in
surface pressure must therefore arise from a rearrangement of the lm on water. To
investigate this behaviour, SFG spectra of the monolayers of uncompressed BTMS/BTAC
were recorded.
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5.2 SFG spectra of uncompressed BTMS and BTAC
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Figure 5.4: SFG spectra in the SSP (top) and PPP (bottom) polarisations
of BTAC and BTMS cast onto water without compression. The dis-
continuity (*) at 3125 cm-1 is due to a power step in the output of the
infrared laser, which can interfere with the normalisation of the SFG
signal. The eect is usually not as large as seen in the spectrum of
BTAC in the SSP here.
Figure 5.4 shows the SSP and PPP spectra of uncompressed BTMS and BTAC monolayers
at the air/H2O interface. The spectra of both compounds are similar to each other in most
respects, and also similar to other, shorter chain quats, such as cetyltrimethylammonium
bromide (CTAB) [1]. The assignment of the prominent CH resonances in the two
compounds are d+, 2853 cm-1; r+, 2878 cm-1; d+FR, 2922 cm
-1 (SSP); d-, 2924 cm-1;and
r-, 2960 cm-1. These features all appear as peaks, except for the dips in SSP spectra at
2945 cm-1 and 2960 cm-1 for BTMS and BTAC, respectively. These dips appear due to
destructive interference with the broad OH resonances of hydrogen bonded water that
occur centred at 3200 cm-1 and 3400 cm-1 [2, 3]. The SFG resonance at 2922 cm-1 in the
SSP spectrum of CTAB has previously been assigned to the d- resonance [4]; however
antisymmetric resonances are typically weak in the SSP polarisation [5]. Additionally, the
spectra of these quats on D2O (Figure 5.5) make our assignment of the d+FR unambiguous
and in agreement with other published assignments [1].
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Figure 5.5: SFG spectra in the SSP polarisation of BTMS (black) and
BTAC (red) cast onto D2O without compression, normalised to the d+
resonance at 2852 cm-1.
Figure 5.6: SFG spectra in the PPP polarisation of BTMS (black) and
BTAC (red) cast onto D2O without compression, normalised to the d+
resonance at 2852 cm-1.
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Figure 5.7: SFG spectra in the PPP polarisation of dCTAB cast onto
H2O (top) and D2O (bottom) without compression. Signals in the CH
region can only arise from the CH bonds of the headgroup.
The PPP spectrum of BTMS shows a small resonance at 3040 cm-1. BTMS and BTAC both
contain 3 methyl groups in their cationic headgroups. To conrm whether these were
responsible for this resonance, partially deuterated cetyltrimethylammonium bromide
(d-CTAB, Figure 5.1)), in which only the methyl groups of the headgroup were protonated,
was obtained. The PPP spectra of d-CTAB on H2O and D2O are shown in Figure 5.7.
The only visible resonances in the CH region are centred on 3025 cm-1. This is typical
of a methyl anti-symmetric stretch (r-) when adjacent to an electronegative atom [6],
and given the selective deuteration of the compound, it is reasonable to assume that it
must arise from the methyl headgroups. Similar features appear in approximately the
same region of the linear infrared ATR spectra of BTMS and BTAC at 3034 cm-1 and
3022 cm-1 respectively (Figure 5.8), and also in the SFG PPP spectra of both at 3025 cm-1
when recorded at the air/D2O interface (Figure 5.6). Therefore, this resonance can be
condently assigned to the r- mode of the methyl head groups of these molecules. The
methyl sulfate counter ion of BTMS also contains methyl groups. To conrm that these
did not contribute to the spectrum of BTMS, SFG spectra of sodium methyl sulfate
solutions were recorded at various concentrations. No resonances in the CH or SO
(1000-1400 cm-1) regions were observable.
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(a) Infrared spectrum of BTMS. A peak is
visible at 3034 cm-1 in the expanded view of
the CH region (2700-3100 cm-1).
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(b) Infrared spectrum of BTAC. A peak is
visible at 3022 cm-1 in the expanded view
of the CH region (2700-3100 cm-1).
Figure 5.8: Single-reection ATR infrared spectra of solid BTMS and
BTAC.
In Figure 5.4 the 2945 cm-1 resonance appears as a dip due to destructive interference with
OH resonances. Spectra obtained on D2O do not display this destructive interference
and are therefore clearer to assign and t. Spectra of BTMS and BTAC at the air/D2O
interface are shown in Figure 5.5 (SSP), and Figure 5.6 (PPP). On the basis of these spectra,
the resonance at 2945 cm-1 is assigned to the r+FR.
When comparing BTMS and BTAC, there are a few notable dierences. Firstly, in
Figure 5.5, a clear resonance is visible in the BTMS SSP spectrum at 2829 cm-1, but is
very weak (or not present) in BTAC. This is also visible in the SSP spectrum of CTAB [1],
although the origin of this resonance was not addressed in that work. Secondly, the r
resonances are stronger in the BTMS spectra than in the BTAC spectra. The r+ resonance
(SSP, Figure 5.5) and r- resonance (PPP, Figure 5.6) show this dierence very clearly, and
the r+FR in Figure 5.5 is so weak as to be unresolved in the BTAC spectrum. The r
+/d+ ratio
is sensitive to the ordering of molecules, and when the monolayer of BTAC is slightly
compressed, its spectrum shifts to look much more similar to the uncompressed BTMS
monolayer, as shown in Figure 5.9. This indicates that the dierences between the two
spectra are due to a dierence in conformational order of the two freshly prepared lms.
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Figure 5.9: SFG in the SSP polarisation spectra of BTMS (black) without
compression and BTAC (red) after slight compression, cast onto D2O.
The SFG spectra of the compressed monolayer is time-dependent. In
order to capture the spectrum as quickly as possible, the BTAC spec-
trum was obtained with 100 acquisitions per wavenumber step, and
is therefore noisier than the BTMS spectrum (200 wavenumbers per
step). Spectra normalised to the d+ resonance at 2852 cm-1.
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5.3 Eect of monolayer compression on the
sum-frequency spectra of behenyltrimethyl
surfactants
Figure 5.10: Successive SFG spectra recorded in the SSP polarisation
at approximately 12 min intervals following compression of a BTMS
lms at the air/H2O interface. 10 µl of 4.2 mM chloroform solution was
deposited onto the H2O surface and compressed to half the original
area. These spectra have been smoothed (5-point adjacent averaging).
Compressing a monolayer lm consisting of a surfactant with a single aliphatic chain is
expected to increase its packing density and reduce the number of gauche defects in the
chain, i.e. increase its conformational order. Consequently, a decrease in the intensities
of the methylene d resonances (d+ at 28503 cm-1, and d- at 2924 cm-1) is expected on
compression. Furthermore, the tilt angle of the tail with respect to the surface normal
should decrease. In the SSP polarisation, only one component of the second-order
susceptibility (χyyz) contributes to the SFG intensity, which means that only vibrational
modes with components of their transition moment parallel to the surface normal can
contribute to the spectrum. The decrease in tilt angle should lead to an increase in the
intensity of the r+ resonance (at 2878 cm-1) of the terminal methyl group of the chain.
The increased density of molecules due to the compression will also increase the overall
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Figure 5.11: Successive SFG spectra recorded in the SSP polarisation
at approximately 7 min intervals following compression of a BTMS
lms at the air/D2O interface. 10 µl of 4.2 mM chloroform solution was
deposited onto the D2O surface and compressed to half the original
area. These spectra have been smoothed (5-point adjacent averaging).
SFG intensity. In order to monitor the conformational order and packing density of the
surfactant chains as a function of time, successive spectra were recorded following lm
compression. SFG spectra of BTMS at the air/H2O interface before and after compression
of the lm to 50% of the original area are shown in Figure 5.10. Sequential spectra were
recorded as the lm relaxed - each new spectrum began immediately after completion of
the previous spectrum, taking 12 minutes to acquire. As shown by the pi-t behaviour in
Figure 5.2, the compressed lm is unstable, and relaxes to a lower equilibrium surface
pressure. This change in lateral pressure is accompanied by the corresponding changes
in the number of gauche defects and tilt angle changes as just described, and the changes
in the d and r resonances reect this - at lower surface pressure in the later scans,
more gauche defects and larger tilt angles result in larger d resonances and smaller r
resonances.
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Although the resonance at 3025 cm-1 attributed to the methyl C-H stretch of the head
group was denitely present, its low signal-to-noise ratio made it dicult to make tem-
poral measurements of the same kind as for the r+ and d+ peaks of the aliphatic chain.
However, to a good approximation- its intensity and position remained constant with
time, suggesting that its orientation is independent of surface concentration. This is simi-
lar to results observed with sodium dodecyl sulfate (SDS) as the surfactant concentration
changed [7].
To remove the interference caused by water resonances in the C-H region, and thereby
obtain clearer spectra, analogous spectra of BTMS and BTAC were recorded at the
air/D2O interface. There are no signicantly labile H positions in BTMS and BTAC, and
no H-D exchange was observed during these experiments. The SSP spectra of these
experiments are shown in Figure 5.11. These spectra were taken with fewer acquisitions
in order to obtain a higher time resolution - in this case, each spectrum took 7 minutes
to acquire rather than 12 minutes. This means that the rst scan reaches 2880 cm-1
approximately 170 seconds after compression, as opposed to 300 seconds. Consequently,
the rst spectrum after compression (red trace of Figure 5.11) shows a greater SFG
intensity at the r+ band centre at 2878 cm-1 than at the d+ band centre at 2852 cm-1, in
contrast to Figure 5.10. The change in the resonance at 2946 cm-1 is clearer without the
H2O resonances and it follows a similar time dependence to the r+ resonances, conrming
its assignment to the r+FR mode, the Fermi resonance of the r
+ mode at 2880 cm-1.
From the changing r+/d+ ratios observed in the above spectra, the basic idea of what
occurs in the monolayer is fairly clear - at the equilibrium pressure, a signicant number
of gauche defects are present, as indicated by the low r+/d+ ratio of the monolayer before
compression. It is especially clear for the spectra taken on D2O (Figure 5.11). Upon
compression, the number of gauche defects is greatly reduced, as can be seen by the
large increase in the r+/d+ ratio of the successive spectra. This is intuitive - the higher
lateral pressure in the monolayer induces chains to straighten out so as to reduce their
molecular area. Immediately following compression, the monolayer lateral pressure
begins to reduce as shown by the pi-t isotherms in Figure 5.2, and the return to the
previous structure, including gauche defects, is clearly represented by the r+/d+ ratio.
Film instability and slow-collapse at pressures below that at which the lm fractures are
well documented [8, 9].
97
5.4 Behenyltrimethyl surfactants at the air/glass in-
terface
Figure 5.12: SFG spectra in the SSP polarisation of BTMS cast onto
glass (black) from H2O without compression (top) and with compres-
sion (bottom). Equivalent spectra of BTMS on D2O (without and with
compression) are overlaid in red.
The relaxation mechanism behind this slow-collapse cannot be deduced from the SFG
spectra alone. To investigate it further, BTMS was cast onto glass slides immediately
following and an hour after compression of the monolayer on water. Figures 5.12 (SSP)
and 5.13 (PPP) show the C-H region of the SFG spectra of these lms, along with spectra
of lms at the air/D2O interface under the same conditions overlaid for comparison.
The air/glass spectra are qualitatively similar to the analogous spectra at the air/D2O
interface, especially in terms of the r+/d+ ratios.
The air/glass monolayers are in fact quite stable, and the spectra do not change sig-
nicantly on the timescle of a few hours (no samples were kept overnight). This is
probably because the BTMS has a positively charged headgroup, so depositing the lm
onto a negatively charged surface such as glass produces a relatively stable system,
long-lived enough to potentially obtain AFM images. Therefore, lms were cast onto
freshly cleaved mica (which has a very low surface roughness and similar charge to glass)
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Figure 5.13: SFG spectra in the PPP polarisation of BTMS cast onto
glass (black) from H2O without compression (top) and with compres-
sion (bottom). Equivalent spectra of BTMS on D2O (without and with
compression) are overlaid in red.
in the same manner as for the glass/air interface, and AFM images and associated height
proles are shown in Figures 5.14 to 5.17. When the BTMS was deposited onto the mica
immediately after being compressed on the water surface (Figure 5.14), there are many
islands which are approximately 0.7 nm above the surrounding surfactant monolayer,
which corresponds to the baseline in the height prole of the AFM images (Figure 5.14).
Within some of these islands, are peak regions that are 2.5 to 3.5 nm above the islands.
When the surfactants were allowed to relax on the trough surface before LB deposition
(Figure 5.16), the islands are still 0.7 nm high , but each has a larger surface area and
they are fewer in number. The peaks are now larger, rising 4 nm above the surrounding
island, with less variation in the peak heights (Figure 5.17). The fully extended chain
length of BTMS is roughly 2.5 nm. Therefore, the 0.7 nm dierence between islands and
surrounding material is interpreted as a change in tilt angle and/or packing density of
the BTMS monolayer rather than another layer of BTMS. It is highly unlikely that BTMS
is arranged with the charged headgroup pointing upwards due to the lack of stabilising
interactions that exist when the headgroup is pointing downwards. Therefore, the peaks
that rise above the islands are interpreted as a bilayer atop the monolayer. The peaks
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Figure 5.14: AFM image of BTMS cast onto mica immediately following
compression. The blue line shows the position of the cross section used
below in Figure 5.15.
rise 4 nm rather than a full 5 nm due to some tilting from the surface normal and/or
gauche defects in their structure.
The AFM images of the unrelaxed lm immediately after compression also show larger
variability in the height of the multilayer phases - evidence that the multilayer regions
are growing at this stage. Histogram plots of the total volume sum of BTMS in these mul-
tilayer regions increases as time passes following compression, as shown in Figures 5.18
and 5.19, and the AFM images show that a relatively small number of regions of multi-
layers grow at the expense of the others. The fact that multilayer regions can nucleate
and then grow or shrink implies that under the conditions used here, the monolayer is in
equilibrium with a multilayer phase, and the drop in surface pressure after compression
represents an overall growth of these multilayer regions. This type of relaxation has
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Figure 5.15: Cross section of surface heights of BTMS cast onto mica
immediately following compression. The baseline of the trace corre-
sponds to the top of the monolayer on glass. The 0.7 nm rise at 0.8 µm
and from 1.60 to 2.60 µm are the regions referred to as plateaux in the
text. Three of the peaks described in the text are visible within the
plateau region between 1.60 and 2.00 µm.
been observed before and is referred to as a slow-collapse mechanism, whereby islands
of multilayer phases nucleate and grow, and in this way reduce the lateral pressure of
the monolayer [8, 10, 11].
The reason why SFG spectra fail to detect these multilayer phases is due to the symmetry
of structures with an even number of layers - sum-frequency light from one layer is
cancelled out by light with the opposite phase from the layer above. The SFG spectra
therefore provide only very specic information about the molecular organisation of the
BTMS in the surrounding monolayers. While it is possible that the bottom or top layer
of the multilayer structure may also contribute, they represent only a fraction of the
total area illuminated by the laser spot on the surface and, because the SFG intensity is
proportional to the square of the number density of molecules, an even smaller fraction
of the output SFG intensity.
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Figure 5.16: AFM image of BTMS cast onto mica 1 hour after compres-
sion. The blue line shows the position of the cross section used below
in Figure 5.17
Figure 5.17: Cross section of surface heights of BTMS cast onto mica 1
hour after compression. The plateau region ranges from 0.9 to 2.9 µm,
with a multitude of peaks atop this in the range.
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Figure 5.18: Histogram plot of the volume sum of material at each Z
value observed in the AFM images (shown in Figure 5.14). Here, BTMS
was cast onto the mica immediately following compression, and there
is a relatively small amount of material with Z values greater than 0,
which corresponds to the monolayer height.
Figure 5.19: Histogram plot of the volume sum of material at each
Z value observed in the AFM images (shown in Figure 5.16). Here,
BTMS was cast onto the mica 1 hour after compression, and there is
now a much larger amount of material with Z values greater than 0,
indicating a greater amount of material in multilayer phases. Note that
the volume sum scale is 10 times the scale of the previous gure.
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5.5 Interpretation of time-dependent sum-frequency
intensities
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Figure 5.20: SFG intensities in the SSP polarisation of the methyl r+
(black) and methylene d+ (red) resonances of BTMS (top) and BTAC
(bottom) before and after being compressed to 30mN/m.
In order to gain higher time resolution of the r+ and d+ resonances, the SFG intensities
at specic wavenumbers were monitored over time. The current setup is limited to SFG
intensities acquired at two dierent wavenumbers simultaneously (due to the design of
the software that runs the laser). This allows for data points to be acquired more rapidly
after compression of the monolayer. Quantitative analysis of the shape of these lines is
complicated by the multiple factors aecting their intensity. Both signals will weaken as
the lm relaxes and the number density of molecules in the monolayer illuminated by
the laser beam decreases (for instance, this may be the reason that the growth of the d+
intensity is slower and less pronounced than the decrease in r+ intensity). Additionally,
the SFG response of the methyl and methylene groups vary with their respective tilt
angles to the surface normal [5, 12] and the relationship between their average tilt angles
will change as the number of gauche defects increases.
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Overlaid on the SSP data in Figure 5.20 are exponential decay curves described by the
function
ISF (t) = ISF ,0 e−t/τ + ISF (∞) (5.1)
where ISF (t) and ISF (∞) are the SFG intensities at time t and∞ respectively, ISF ,0 is the
dierence between those two at (t = 0), and τ is the time period of the signal decay. For
the d+ resonances, ISF ,0becomes negative to produce an exponential decay curve of an
increasing form. The values of the tted parameters are shown in table 5.1.
Table 5.1: Fitted parameters for the BTMS and BTAC r+/d+ time depen-
dence curves.
τ ISF ,0 ISF (∞)
(minutes) (arbitrary units) (arbitrary units)
BTMS r+ 10.6 7.8E-4 9.5E-4
d+ 18.4 -6.1E-4 2.0E-3
BTAC r+ 33.0 1.1E-3 7.4E-4
d+ 15.1 -3.1E-4 1.2E-3
The two surfactants show signicantly dierent time dependences in their SFG response,
especially for their r+ resonances, as shown by the time periods τ of their signal decay.
The r+ intensity decreases due to orientational averaging of the SFG light arising from
increasingly disordered methyl groups, and also due to the increasing molecular area of
the monolayer (and therefore the reduced number of molecules under the laser spot).
These factors also aect SFG light arising from methylene groups (d resonances); however-
the d+ intensity increases due to the increasing number of gauche defects appearing as
the monolayer disorder increases.
As an alternative to acquiring just the intensities at two wavenumbers, the successive
spectra of BTAC and BTMS compressions (Figure 5.11) were tted, and the peak areas of
the r+ and d+ resonances are shown in Figure 5.21. By inspection of the graph, it is clear
that the BTAC and BTMS time dependences now match each other much more closely
than was observed in Figure 5.20.
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Figure 5.21: Fitted SFG peak areas of the r+ (2878 cm-1) and d+ (2852
cm-1) resonances of BTAC (red) and BTMS (blue) compressions shown
in Figure 5.11, overlaid for easy comparison.
These dierences highlight the problems arising from monitoring just the SFG intensity
at specic wavenumbers. The increased time resolution comes at a cost - detailed peak
information, such as peak areas/height/width and the intensity of resonances at other
wavenumbers, are sacriced. The SFG intensity obtained from this experiment is not
equivalent to the peak height nor is it proportional to the peak area or the resonant
susceptibility. The SFG intensity at a specic wavenumber will not only depend on the
resonance centred there, but will be aected by adjacent peaks whose area overlaps at
that wavenumber. The peak widths of resonances tend to become wider as the monolayer
is more disordered, meaning that the extent to which adjacent resonances aect the
SFG intensity at a peak centre changes as the experiment progresses. Fitting complete
spectra allows us to deconvolute overlapping peaks; however, this is not possible when
acquiring only the SFG intensities, since the peak width is not known.
The r+/d+ ratio can be used as an indication of monolayer ordering. Using the values
from the time-dependent SFG intensities and from the tted peak areas, and plotting
this ratio against time, gives Figure 5.22. Again, we can see the dierence in the SFG
data arising from the dierent methods. The tted peak areas show that the r+/d+ ratios
of the two surfactants have a similar time dependence. In contrast, the time-dependent
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Figure 5.22: r+/d+ ratios of the r+ and d+ resonances of BTMS (black)
and BTAC (red) monolayers relaxing following compression. Note that
these plots are not o-set, but appear so because the time-dependent
intensities are derived from peak height, as opposed to peak areas - the
dierent peak shapes result in the oset appearance.
SFG intensities show that r+/d+ ratio of BTAC reduces more slowly than that of BTMS.
The surface pressure plots in Figure 5.2 show the opposite trend than what would be
expected from the time-dependent SFG intensity plot - that is the surface pressure
initially drops more quickly for BTAC than for BTMS. The opposing trends between the
time-dependent SFG intensities and the surface pressure can be dismissed on the basis of
the issues discussed. Therefore, in Figure 5.23 only the tted area r+/d+ ratios have been
overlaid onto an expanded view of the surface pressure against time plot from Figure 5.2.
While the r+/d+ ratio and the surface pressure both drop during monolayer relaxation,
the r+/d+ ratio does not relate directly to the surface pressure. It is more closely linked
to molecular area and tilt angle, which determines the room available for gauche defects.
The surface pressure of a monolayer does depend on the molecular area, but dierent
monolayers with the same molecular area can have dierent surface pressures due
to diering intermolecular repulsive forces. The only dierence between BTMS and
BTAC are their counterions, the methyl sulfate and chloride ions for BTMS and BTAC
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Figure 5.23: An expanded view of the surface pressure plot against
time, with r+/d+ ratios of BTMS (black) and BTAC (red) monolayers
overlaid for easy comparison Note also the change in timescale from
hours in Figure 5.2 to minutes here.
respectively. Therefore, the dierence in surface pressure behaviour is most likely due
the dierent counterions.
The eect of counterions on the aggregation number of quaternary ammonium surfac-
tants in solution has been studied previously [13]. The authors noted that the size of
the counterions tested did not match the trend of their ability to stabilise the micelle,
but their position in the Hofmeister series (or lyotropic series) did give an indication of
their relative ability. The mechanistic origin of the Hofmeister series is complex and
not fully understood [14]. Earlier theories were based on the disruption of the bulk
water structure and the formation of a hydration shell [15]. More recent models focus
on direct interaction of the ion with the macromolecules in question [16] (often proteins,
but this also applies to micelles and surfactants at interfaces). An in-depth review of
the Hofmeister series is beyond the scope of this document; however, it was found that
counterions stabilised the micelles in the order (best to worst) NO3 – > Br– > CH3SO4 –
> Cl–  OH– [13]. Methyl sulfate ions were more ecient at stabilising the positive
charge of the surfactant, and therefore gave larger aggregation numbers than chloride
ions. It is simple to rationalise the end point of the pi-t isotherms in Figure 5.2 - the greater
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stabilisation provided by the methyl sulfate ions results in a lower nal surface pressure,
either by reducing headgroup-headgroup repulsion or by increasing the stability of the
multilayer phases that form as the monolayer relaxes to its equilibrium pressure.
The BTMS surface pressure remains higher than for BTAC throughout the rst 100
minutes of the relaxation, although the r+/d+ ratios indicate that the molecular areas
should be quite similar. This indicates that the sulfate ion is initially less able to stabilise
the repulsive headgroup-headgroup forces between the positively charged surfactants.
Given that this is the opposite to the nal equilibrium pressure, this initial dierence
might be a kinetic eect - the rate at which the multilayers are able to form is slower with
the methyl sulfate counterion. This may be because the methyl sulfate ions are larger
than the chloride ions (ionic radii of 0.258 nm to 0.18 nm, respectively) and therefore
take longer to rearrange into the multilayer system.
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6. Using SFG to evaluate sparsely
tethered membranes made by
rapid solvent exchange and by
Langmuir-Blodgett/
Langmuir-Schaefer deposition
In this chapter, we report the investigation of self-assembled monolayers (SAMs) consist-
ing of tethers and spacers on gold substrates, the structure of a phospholipid monolayer
formed onto this SAM by rapid solvent exchange (RSE) with DPPE, and the consecutive
monolayer and bilayer formation by Langmuir-Blodgett (LB) and Langmuir-Schaefer
(LS) deposition onto this SAM, as well as the structure of the SAM itself throughout
these processes.
The T10 SAMs (described in detail in Section 1.3.1) contain aliphatic and aromatic CH
and OH bonds. These can have SFG resonances which occur (approximately) in the
regions 2800-3000 cm-1 (aliphatic CH stretches), 3000-3100 cm-1 (aromatic CH stretches),
3100-3400 cm-1 (OH stretches). It is the aliphatic CH stretches which can reveal the most
structural information and the spectra shown will primarily be of this region, and also
of the analogous aliphatic CD region, 2000-2300 cm-1.
The spectra have been modelled with Lorentzian peaks to give the peak positions, and
these have been assigned by comparison with the SFG spectra of similar molecules
in the literature, or where these do not exist, by comparison with the IR and Raman
spectra. The system being studied has many methyl and methylene groups which are
orientated in multiple directions. Additionally, the system is not generally well-ordered,
and the signal-to-noise ratio is therefore quite low. Finally, the non-resonant background
introduces further ambiguities in the tting [1]. As a result, spectral tting is very
dicult, and the modelled spectra are therefore used only as an initial approximation
and as a guide to the eye. These limitations should not aect the conclusions that are
presented here, as they are not made on the basis of detailed modelling of the spectra.
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6.1 The initial T10 SAM
Spectra of the dry, uncoated T10 slides were taken rst so as to give an indication of the
ordering of the base SAMs. SAMs formed from asymmetric disuldes as used here are
expected to be fairly disordered [2], because the short end, in this case the benzyl group,
prevents the alkyl chains from packing closely, as they would for a thiol or symmetric
disulde.
In the CH region, the SSP spectrum (Figure 6.1a) shows three clear dips, modelled at
2884, 2921, and 2945 cm-1, assigned to the r+, the d-, and the r+FR resonances respectively.
The r resonances must arise from the phytanyl tethers, which are the only source of CH3
groups. Although the glycol chains and spacers have CH2 groups, the d- resonance in
the spectra at 2921 cm-1 also probably arises from the phytanyl group. This assignment
is made on the basis of a smaller resonance at 2908 cm-1 which has also been modelled.
This would normally be assigned to a d+FR resonance; however, this is not possible given
the absence of a d+ resonance. The d- resonance of 1,2 ethylene glycol has previously
been reported at 2900 cm-1 [3], and therefore the peak at 2908 cm-1 has been assigned to
the antisymmetric stretch of the methylene groups in the glycol chain. This leaves the
phytanyl tether as the only source for the d- resonance at 2921 cm-1.
The PPP spectrum (Figure 6.1b) shows the same resonances as the SSP (at 2883, 2905,
2921 and 2946 cm-1), as well as two more at 2853 and 2973 cm-1, which are assigned to
the d+ and r- resonances of the phytanyl tether. In both spectra, all the signals appear as
dips as the SFG resonances arising from these tethers interfere destructively with the
non-resonant signal of the gold substrates. Therefore, the net polar orientation of the
methyl and methylene vibrational modes must be pointing away from the surface (as
explained in Section 2.2.2).
Normally, the relatively intense r and weak d resonances would be indicative of a
conformationally well-ordered monolayer. However, the phytanyl tethers are unusual
in that they have ve methyl groups, and many methylene groups are replaced by
the ether moieties, and hence the r+/d+ ratios cannot be used in the same way as for
the surfactants of the hair conditioner models, which are straight-chain alkanes. The
signal-to-noise ratio is much lower than would normally be seen from a well-packed
and ordered monolayer. Overall, these spectra indicate that the phytanyl tethers do not
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(a) SSP polarisation. Assigned: r+ at 2884 cm-1, d- at 2921 cm-1, r+FR at 2945 cm
-1; d- of
glycol at 2908 cm-1
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(b) PPP polarisation. Assigned: d+ at 2853 cm-1, r+ at 2883 cm-1, d- at 2921 cm-1,
r+FR at 2946 cm
-1, r- at 2973 cm-1; d- of glycol at 2905 cm-1
Figure 6.1: Sum-frequency spectra in the CH region (2800-3000 cm-1)
of the fresh T10 slides in air.
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form a well-ordered monolayer. This is not unexpected: the tether-to-spacer ratio is
1:9, which means that only one in ten of the disulde molecules that form the SAM will
carry a phytanyl group.
The r- resonances only appear in the PPP spectra, and the corresponding dipole moment
must therefore be close to the xy plane. The dipole moment of the r- resonance is
perpendicular to the methyl group, and we can conclude that the methyl groups point
along the z axis. This is supported by the appearance of the r+ resonance in the SSP
spectra. The d+ resonance also only appears in the PPP polarisation, indicating that the
methylene groups point mostly in the xy plane. Since the d- resonance appears in the
SSP spectra, the antisymmetric methylene stretching mode must have some component
along the z axis - a possible conguration is shown in Figure 6.2. These observations are
consistent with a model in which the phytanyl tethers lie at above the surface, with
their CH3 groups pointing into the air, away from the hydrophilic environment of the
OH headgroups of the spacer (Figure 6.3).
Figure 6.2: A segment of phytanyl tether, showing how the r and d
resonances might be oriented relative to the substrate, (where the z
axis represents the surface normal). For the methylene groups, the d+
resonance is mostly in the xy plane, and the d- resonance points along
the z axis. For the methyl groups, the r- resonance is mostly in the xy
plane, and the r+ resonance points along the z axis.
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Figure 6.3: The phytanyl tether, lying at above the surface, viewed
from above (along the z axis). The blue lines lie in the xy plane and
represent the hydrophilic environment of the glycol chain and alcohol
headgroups of the spacer. The methyl groups are drawn pointing
upwards into the air, so that their r+ modes point upwards, and their r-
modes lie mostly in the plane of the surface.
Spectra of the same system are shown in Figure 6.4 for the range 2800-3400 cm-1. As well
as the alkyl CH peaks described above, peaks can be seen arising from the benzyl group
of the disulde molecules, and from the OH group of the spacers. The aromatic peaks in
the SSP polarisation indicate that the benzyl group does not lie completely at on the
surface. The OH peaks are strong in the PPP spectra, and do not show above the noise
in the SSP - this is evidence for H bonding between the alcohol groups of the spacer
molecules, which would cause the OH bonds to lie largely in the xy plane. Although
the glycol chain of the phytanyl tether presents alternative H bond acceptors, it appears
that the neighbouring OH groups are preferred.
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(a) SSP polarisation. Assigned r+ at 2884 cm-1, d- at 2921 cm-1, r+FR at 2945 cm
-1; d- of
glycol at 2908 cm-1; Aromatic CH stretches at 3040 cm-1, 3071 cm-1, 3105 cm-1
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(b) PPP polarisation. Assigned: d+ at 2853 cm-1, r+ at 2883 cm-1, d- at 2921 cm-1,
r+FR at 2946 cm
-1, r- at 2973 cm-1; d- of glycol at 2905 cm-1; Aromatic CH stretches at
3036 cm-1, 3059 cm-1, 3094 cm-1. The broad peak centred on 3200 cm-1 is assigned to
OH bonds of the spacers
Figure 6.4: Sum-frequency spectra in the aliphatic CH (2800-3000 cm-1)
and aromatic CH (3000-3100 cm-1) regions, and part of the OH region
(3000-3800 cm-1) of the fresh T10 slides in air. The CH region is shown
in an expanded view in the previous spectra. (Figure 6.1)
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6.2 The T10 SAM after rapid solvent exchange (RSE)
RSE is a commonly employed method that produces a bilayer under water with the
tethers incoorporated into the phospholipid membrane [4–6]. Unfortunately, due to
the symmetry of the bilayer, it is SFG inactive. However, the bilayer is not stable in
air, and rearranges into a mixture of monolayers and multilayers, which are SFG active.
Figure 6.5 shows the spectra in the CH region of the resulting T10 SAM in air, after
RSE with d-DPPE. The CH resonances arise from the T10 SAM, as in section 6.1. The
spectra are very dierent compared to those of the T10 SAM before RSE. In the SSP
(Figure 6.5a), the d resonances are not visible above the noise, and the r- resonance has
appeared at 2960 cm-1. In the PPP (Figure 6.5b), the d+ resonance has disappeared, but
the d- resonance has not. The r- resonance also remains, but has changed from a dip into
a peak.
These observations point to a change in orientation of the tether. The appearance of
the r- in the SSP, and its phase change in the PPP, suggest that the orientation of dipole
moment change of the r- is no longer close to the xy plane; therefore the methyl group,
being perpendicular to the direction of the r- dipole moment, is now probably orientated
close to parallel to the substrate in the xy plane. The disappearance of the d- resonances
in the SSP indicate that both the d+ and d- modes now lie in the xy plane. It could also
be that the reduction in the d resonances indicate a reduction in symmetry-breaking
gauche defects. Within the noise, these spectra point to a tether that has a small tilt
angle from vertical (Figure 6.6). This is compatible with the idea that the tethers are now
incorporated into the lipid monolayer.
Spectra of the CD region (Figure 6.7) show resonances that must arise entirely from the
d-DPPE. In the SSP, four peaks have been modelled, assigned to the r+ and r+FR, the d
+,
and the r-. The PPP spectrum is more complex; as well as the r+, r+FR, d
+, r- seen in the
SSP, the d+FR, and d
- are also visible. A peak has also been modelled at 2275 cm-1. It has
previously been seen in the spectra of d-DPPE (see the middle spectrum of gure 5 in
reference [7]), but was not assigned. A speculative suggestion is that it may arise from
the methylene next to the carboxylic acid.
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(a) SSP polarisation. Assigned: r+ at 2880 cm-1, r+FR at 2937 cm
-1, r- at 2960 cm-1
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(b) PPP polarisation. Assigned: r+ at 2870 cm-1, d- at 2923 cm-1, r- at 2958 cm-1, d-
of glycol at 2904 cm-1
Figure 6.5: Sum-frequency spectra in the CH region of the T10 slides
after RSE with deuterated DPPE, taken in air. The expected structure
after RSE is that a proximal leaet of dDPPC has formed on the substrate,
with the protonated phytanyl tethers incorporated. Signals in these
spectra must arise from the protonated tethers and spacers, and not
from the deuterated phospholipid.
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Figure 6.6: A segment of phytanyl tether, showing how the r and d
resonances are oriented after RSE. The substrate lies in the xy plane,
and the tether is drawn with only a small tilt from the z axis. The r+,
d+, and d- all vibrate mostly in the xy plane. The r- is able to vibrate
along the z axis as well the xy plane.
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(a) SSP polarisation. Assigned: r+ at 2073 cm-1, d+ at 2095 cm-1, r+FR at 2115 cm
-1
r- at 2224 cm-1
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(b) PPP polarisation. Assigned: r+ at 2071 cm-1, d+ at 2094 cm-1, r+FR at 2115 cm
-1,
d+FR at 2148 cm
-1, d- at 2194 cm-1, r- at 2227 cm-1, methylene next to carboxylic acid at
2275 cm-1.
Figure 6.7: Sum-frequency spectra in the CD region of the T10 slides
after RSE with deuterated DPPE, taken in air. The expected structure
after RSE is that a proximal leaet of dDPPC has formed on the substrate,
with the protonated phytanyl tethers incorporated. Signals in these
spectra must arise from the deuterated phospholipid.
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6.3 The T10 SAM after Langmuir-Blodgett (LB) depo-
sition of the deuterated DPPE proximal leaet
The RSE process produces an isotopically symmetric bilayer under water. A bilayer that
is not isotopically substituted is SFG inactive. Therefore, LB deposition, followed by
Langmuir-Schaefer (LS) deposition, is used to produce a bilayer containing protonated
phospholipids in one leaet, and deuterated in the other.
However, it is not necessarily a safe assumption that the tethers should be incorporated
into the membrane following LB deposition. Therefore, an initial monolayer of deuterated
DPPE was produced by LB deposition on a T10 slide to test this assumption. As in section
Sections 6.1 and 6.2, signals in the CH region can only be from the tethers or spacers
of the T10 SAM. Spectra of the CH region (Figure 6.8) are unlike those produced after
RSE (Figure 6.5). The SSP spectrum (Figure 6.8a) shows just one extremely weak, broad
signal, at 2994 cm-1 which is unassigned. The PPP spectrum (Figure 6.8b) shows an r+
resonance and a weak r+FR resonance, as well as a peak at 2983 cm
-1, which may be the r-
resonance, although 2983 cm-1 is higher than observed previously in this system. It may
also be the same resonance as that seen in the SSP, and would be unassigned in this case.
Spectra of the CD region (Figure 6.9), show signals which arise from the LB-deposited
dDPPE. Both the SSP and the PPP spectra show only r resonances, typical of a well-
packed, well-ordered monolayer. These spectra indicate a monolayer of a higher quality
than that produced by RSE (Figure 6.7). This is partly due to the multilayer nature
of the RSE membrane, and partly due to the fact that the monolayer is formed under
compression during LB deposition. The dierence in the spectra might also be because
the tethers are not incorporated into the monolayer produced by LB deposition, as
supported by the appearance of the CH spectra (Figure 6.8), and therefore do not disrupt
the packing of the monolayer. If the monolayer is not tethered, as appears to be the case
here, then LB/LS deposition is not a suitable method for producing tethered bilayers of
this kind.
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(a) SSP polarisation. Unassigned dip at 2994 cm-1
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(b) PPP polarisation. Assigned: r+ at 2884 cm-1, r+FR 2944 cm
-1, unassigned at 2983 cm-1
Figure 6.8: Sum-frequency spectra in the CH region of the T10 slides
after LB deposition with deuterated DPPE, taken in air. A proximal
leaet of dDPPC has been deposited onto the substrate, although the
tethers may not be incorporated into the monolayer. Signals in these
spectra must arise from the protonated tethers and spacers, and not
from the deuterated phospholipid.
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(a) SSP polarisation. Assigned: r+ at 2069 cm-1, r+FR at 2128 cm
-1, r- at 2221 cm-1
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(b) PPP polarisation. Assigned: r+ at 2074 cm-1, r- at 2225 cm-1
Figure 6.9: Sum-frequency spectra in the CD region of the T10 slides
after LB deposition with deuterated DPPE, taken in air. A proximal
leaet of dDPPC has been deposited onto the substrate, although the
tethers may not be incorporated into the monolayer. Signals in these
spectra must arise from the deuterated phospholipid.
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6.4 The T10 SAM after LB deposition of the proto-
nated DPPE proximal leaet
An isotopically asymmetric bilayer was produced via LB deposition with protonated
DPPE, followed by LS deposition with deuterated DPPE. Therefore, the proximal leaet
is made with protonated DPPE, and the distal leaet is made with deuterated DPPE. This
sample was characterised immediately after LB deposition (i.e. protonated DPPE de-
posited onto the protonated tethers), and these spectra are shown in this section. Spectra
after LS deposition (i.e. protonated tethers, protonated proximal leaet, deuterated distal
leaet) are shown in the next section.
Figure 6.10 shows the CH region of the spectra of the slide immediately after LB deposition
with protonated DPPE. The spectra display strong methyl resonances, indicating a very
well-packed monolayer, very similar to the previous spectra seen arising from the LB
deposition of the d-DPPE (Figure 6.9). However, no resonances that were seen in the CH
spectra from the deuterated LB deposition (Figure 6.8), which arose from the phytanyl
tether, are seen here. Since it is highly unlikely that the tethers would act dierently to
isotopically substituted DPPE, this is probably because the more intense signal from the
monolayer swamps the signal from the tethers.
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(a) SSP polarisation. Assigned: d+ at 2855 cm-1, r+ at 2878 cm-1, r+FR at 2944 cm
-1,
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(b) PPP polarisation. Assigned: r+ at 2880 cm-1, r+FR at 2942 cm
-1, r- at 2968 cm-1
Figure 6.10: Sum-frequency spectra in the CH region of the T10 slides
after LB deposition with protonated DPPE, taken in air. A proximal
leaet of protonated DPPC has been deposited onto the substrate, but
the tethers may not be incorporated into the monolayer. Signals in
these spectra may arise from the tethers and spacers as well as the
phospholipid. The signals from the phospholipid are much more intense
and likely to swamp any signals that might arise from the tethers.
126
6.5 The T10 SAM after Langmuir-Schaefer (LS) depo-
sition of the deuterated DPPE distal leaet
Finally, a monolayer of deuterated DPPE was LS deposited onto the proximal protonated
DPPE deposited onto the substrate in the previous section, and spectra were taken of
the isotopically distinguished bilayer under water using the liquid cell (described in
Section 3.3). The spectra of the CD region of the resulting bilayer are shown in Figure 6.11.
The signals of these spectra arise from the deuterated phospholipids of the distal leaet.
They are slightly more complicated than the previous spectra of the monolayer of d-
DPPE on its own, where it was the proximal leaet (Figure 6.9). The peaks that were
observed in Figure 6.9 have undergone a phase reversal. This is as expected, since the
phospholipids of the distal leaet are orientated in the opposite direction to those in the
proximal leaet.
Apart from the change of phase, in the SSP a new weak dip is observed at 2092 cm-1,
which is assigned to the d+ mode. In the PPP, new resonances are observed at 2093,
2159, 2191, and 2248 cm-1. The rst three are assigned to the d+, d+FR, d
- resonances,
respectively, and the last is not assigned, though it may arise from the methylene group
next to the carbonyl. These new peaks are all methylene resonances, and indicate that
the distal leaet is not as well-ordered as the proximal leaet.
Figure 6.12 shows the CH region of the PPP spectrum after the complete bilayer had
been formed. These signals arise from the proximal DPPE layer. The same methyl
resonances are visible as were visible before the LS deposition (Figure 6.9), but are now
reduced in intensity. This exemplies the problem of ip-op between the isotopically
substituted leaets. Eventually, they mix completely, and the signals from the distal and
proximal leaets cancel each other out. This process occurs on the order of hours after
the LS deposition is completed. Additionally, a small shoulder at 2860 cm-1, and a peak
at 2915 cm-1 are now visible, assigned to the d+ and d- resonances, respectively. These
indicate that the bilayer membrane ordering reduces over time.
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(a) SSP polarisation. Assigned: r+ at 2068 cm-1, d+ at 2093 cm-1, r+FR at 2137 cm
-1,
r- at 2222 cm-1
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(b) PPP polarisation. Assigned: r+ at 2073 cm-1, d+ at 2093 cm-1, r+FR at 2118 cm
-1,
d+FR at 2159 cm
-1, d- at 2192 cm-1, r- at 2224 cm-1, unassigned at 2248 cm-1,
Figure 6.11: Sum-frequency spectra in the CD region of the T10 slides
after LB deposition with protonated DPPE, followed by LS deposition
with deuterated DPPE, taken under water. A protonated proximal
leaet and deuterated distal leaet enables SFG spectra of the other-
wise symmetric bilayer. Signals in these spectra must arise from the
deuterated phospholipids of the distal leaet.
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(a) PPP polarisation. Assigned: d+ at 2856 cm-1, r+ at 2880 cm-1, d- at 2915 cm-1,
r+FR at 2942 cm
-1, r- at 2968 cm-1
Figure 6.12: Sum-frequency spectrum in the CH region of the T10 slides
after LB deposition with protonated DPPE, followed by LS deposition
with deuterated DPPE, taken under water. Signals in this spectrum
must arise from the protonated phospholipids of the proximal leaet.
As well as characterising the T10 SAM in various states of membrane completion, these
results may inform future experimental design. SFG was used to conrm that RSE
does produce a phospholipid membrane with tethers incorporated as expected, and also
showed that LB deposition did not. Since LB deposition did not produce a membrane with
incorporated tethers, LB/LS deposition is not a suitable method for producing tethered
isotopically asymmetric bilayer membranes of this type. If an asymmetric bilayer of
this type is required, as is the case for study by SFG, another method must be found.
Additionally, asymmetric bilayers produced by LB/LS deposition underwent ip op that
resulted in fully mixed proximal/distal leaets, and zero SFG resonances, on the order
of hours after formation. Therefore, bilayers formed in this way are not suitable for
very long experiments, such as those conducted with membrane-penetrating lipopetide
surfactin and a phospholipid monolayer at the air/water interface in Chapter 8. If a
bilayer for studying a longer timescale experiment is required, then another type may
be more suitable, such as the hybrid bilayer or the fully tethered bilayer, as described in
Section 1.3.
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7. SFG spectroscopy of surfactin at
the air/water interface
Surfactin is a cyclic lipopeptide and powerful biosurfactant produced by various strains
of the bacterium Bacillus Subtilis. It has been shown to have antiviral, antibacterial, anti-
fungal, anti-mycoplasma and haemolytic properties [1, 2]. Surfactin’s various biological
properties are considered to arise from its interactions with the phospholipid bilayer of
cell membranes. It is known to form pores in the cell membrane, and even completely
solubilise the membrane when present above its critical micelle concentration.
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Figure 7.1: The chemical structure(s) of surfactin A (n=1), surfactin B
(n=2) and surfactin C (n=3), as produced by Bacillus Subtilis.
The biological properties of surfactin are extremely useful. The biosurfactant is a non-
specic antibacterial which acts by destroying the cell membrane, and is therefore
unlikely to produce resistant strains, which are increasingly becoming a concern for
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conventional antibacterials. Unfortunately, the non-specicity of surfactin extends to
red blood cells, and this toxicity precludes its use directly. However, an understanding
of the mechanism by which surfactin penetrates the cell membrane is potentially very
valuable. In order to study this mechanism with SFG, a rm grasp of the structure of
surfactin is required.
As a rst step then, surfactin at the air/water interface was investigated by SFG using a
variety of conditions and polarisations. Because surfactin is a relatively large molecule
with multiple alkyl moeties, selectively deuterated analogues of surfactin were also
used. This enables assignment of C-H signals that would otherwise be ambiguous. Sum-
frequency spectra presented in this chapter include SFG signals arising from C-H bonds
(2800-3000 cm-1), and signals from the O-H bonds of water (above 3000 cm-1). Signals in
the region 2000-2300 cm-1 arise from the C-D bonds of deuterated molecules, and in the
region 2300-2800 cm-1 arise from D2O. Finally, signals in the region 1500-1800 cm-1 are
typical of carbonyl bonds - the acid and amide groups of surfactin.
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7.1 Surfactin in pure water
Figure 7.2 shows the SFG spectra of a surfactin solution well above the CMC, at neutral
pH in the C-H and O-H stretching regions in SSP and PPP polarisations. Under these
conditions, surfactin should form a monolayer at the air/water interface. This assumption
is revisited towards the end of this section - it is supported by the data in Figure 7.5.
There are clear C-H and O-H peaks in both the PPP and SSP spectra. In the SSP spectrum,
the water resonances interfere with the C-H resonances and signicantly alter their
relative intensities.
Figure 7.3 shows the SFG spectra of a surfactin solution in D2O under the same conditions
in the C-H (2800-3000 cm-1) and C=O (1500-1800 cm-1) regions. D2O resonances appear
in the 2000-2300 cm-1 region (not shown), and the subphase resonances no longer
interfere with those of surfactin. As a result, the tting and assignment of the C-H
features to well-characterised methyl stretching modes is straightforward: r+ 2875 cm-1;
r+FR 2944 cm
-1; r- 2966 cm-1. Weak methylene resonances were detected at 2852 cm-1 (d+)
and 2922 cm-1 (d-). In the C=O region of the SSP spectrum, amide I and carbonyl stretching
resonances appeared with tted positions of 1669 cm-1 and 1741 cm-1, respectively. The
hydrogen atoms on the alpha carbons (next to the carbonyl group) are potentially labile,
and may undergo H-D exchange in D2O. No evidence was seen for this in the SFG
spectra. Either these C-H bonds do not contribute signicantly to the spectra, or there
was no signicant H-D exchange.
From the molecular structure of surfactin, the only possible origin of methyl C-H reso-
nances are the six isopropyl groups. These are found in the alkyl tail, the four leucine
residues and the single valine residue of the ring. When compared to a "standard" surfac-
tant, with a hydrophilic head-group and hydrophobic tail, the default assumption would
be that SFG signals arise from the tail. In either case, just as for other surfactants, this
would require organisation of isopropyl groups such that a component of their overall
dipole is along the surface normal for SFG signals to appear in the SSP polarisation.
Given the large size of the surfactin ring, it must be signicantly tilted in order for the
tails to pack close enough for a signicant SFG signal. However, previous literature on
the surface structure of surfactin indicates that the plane of the ring should lie parallel
to the surface (at least in the case of the uncompressed monolayer here) [3–5].
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Figure 7.2: PPP (top) and SSP (bottom) spectra of surfactin in H2O
To deduce conclusively the source of the SFG resonances, surfactin with deuterated
leucine residues was prepared by growing a culture of bacillus subtillis with a feed of
d9-leucine (see section 3.9 for details). The surfactin produced from this experiment
is referred to as d-Leu surfactin. The CD and CH spectra of the resulting partially
deuterated surfactin is shown in Figure 7.4. Strong CD resonances and barely detectable
CH resonances are observed. The CD resonances appear with tted positions: 2039 cm-1
(d+); 2136 cm-1 (r+FR); 2213 cm
-1 (d-); 2224 cm-1 (r-). The two antisymmetric resonances
are present in the SSP and PPP polarisations, whereas the symmetric resonances are
absent, or very weak in the PPP polarisation. Weak symmetric resonances in the PPP
polarisation are expected from the SFG selection rules [6].
Analysis of the d-Leu surfactin (available in section 3.9) showed that all of the leucine
residues of the ring were successfully deuterated. However, it also showed that the
bacterium utilized some d9-leucine to produce the fatty tail, and hence some deuteratation
was incorporated into the end of the fatty tail. Roughly 40-50% of the tail groups were
deuterated in this manner. Despite the incorporation of the deuterated leucine into the
fatty tail, the absence of strong C-H resonances provides unambiguous evidence that
the strong methyl C-H resonances in the spectra of protonated surfactin are not from
the isopropyl terminal group of the lipid chain but from the isopropyl groups of the
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Figure 7.3: PPP (top) and SSP (bottom) spectra of surfactin in H2O
(C=O region, 1500-1800 cm-1) and in D2O (C-H region, 2800-3000 cm-1).
Spectra in the C=O region have been scaled by 30 times for clarity.
leucine components. If the fatty tail contributed signicantly to the C-D resonances,
analogous bands should be seen in the C-H region, especially because the infrared laser
power output, and therefore the sensitivity and SFG signal intensity, is much higher in
the C-H region than the C-D region. This is not observed, and the deuteration of the
tail is therefore not troublesome. The weak C-H resonances in Figure 7.4 are assigned
as: 2855 cm-1 (d+); 2917 cm-1 (either d- or methine); 2945 cm-1 (r-). These may be either
from the single valine component of the ring, or from the protonated fatty acid tail, or
both. The prole of the r- resonance appearing as two out-of-phase components may be
due to destructive interference between resonances arising from methyl groups with
dierent tilt angles, and may indicate that the signals arise from both of these isopropyl
groups [7].
The fact that no strong SSP CH signals arise from the lipid tail of the d-Leu surfactin
means that either the lipid chains have no dipole component perpendicular to the surface,
or are so highly disordered that they only give rise to weak d resonances, associated with
gauche defects in aliphatic chains. Furthermore, the absence of a signicant PPP C-H
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Figure 7.4: PPP and SSP spectra of surfactin comprising deuterated
Leucine groups (d9-Leucine) on H2O (CD region) and on D2O (CH
region). The CD spectra represent 300 acquisitions, whereas the CH
spectra are the average of 4 experiments of 400 acquisitions each.
spectrum indicates that, if the chains lie parallel to the plane of the interface, they have
no net polarisation which is expected if the surfactin molecules are isotropically oriented
in the x-y plane. This precludes the stacked-ring structure (proposed by Maget-Dana
and Ptak [3]) because it is dicult to envisage a complete lack of net orientation if the
rings were tilted and stacked in some way. Consequently, the most likely orientation
of the ring itself is in the surface plane. These spectra therefore support those previous
studies of surfactin on water [4, 5], which concluded that the peptide ring is largely
coplanar with the interface, with the fatty acid tail lying atop the ring. This maximises
the interaction of the fatty acid chain with the hydrophobic valine and leucine residues
of the ring [8].
Figure 7.5 shows the changes in the spectrum of surfactin on D2O as the bulk concen-
tration is increased up to 10×CMC. Spectra of solutions at and above the CMC were
identical. At concentrations of 0.0875×CMC and above, the point at which the spectra
could be meaningfully tted, there was no change in the intensity ratios of the C-H
resonances. Therefore, the tilt angle and structure of the surfactin molecules are not
sensitive to its concentration. The spectra of leucine and isopropanol change markedly
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Figure 7.5: SSP and PPP spectra of surfactin solutions of various concen-
trations (expressed as multiples of the CMC) in D2O. The wavenumbers
scanned cover the O-D and C-H regions.
with higher concentration due to increased packing density and resulting reduction
of their tilt angle [9, 10]. In contrast, the spectra observed here do not change with
concentration. Given that the surfactin C-H resonances arise primarily from the leucine,
this indicates that intra-molecular interactions dominate the structure and tilt angle of
the leucine residues.
As mentioned previously in this section, only a monolayer can be present in the range of
surface coverage and bulk concentrations used here. Though multi-layering of surfactin
has been observed previously [11], this would strongly aect the SFG response, which
is highly sensitive to the symmetry of the interface, and therefore to the degree of
multi-layering. [12]. Some previous propositions for the structure of surfactin can be
ruled out on the basis of the CH and CD spectra presented here. The dimerisation of
the surfactin molecules in which lipid chains of the pair align with each other, proposed
by Ishigami et al [13], results in vertical lipid chains at higher surface coverages. This
would give rise to methylene and methyl resonances that change with concentration, as
found for aliphatic single-chain surfactants like dodecanol, which is not observed here.
If lipid tails were interacting with leucine residues of neighbouring surfactin molecules,
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as proposed by Fernández at al [4], some change in the signals arising from the leucine
residues should be apparent at dierent molecular areas, as their orientation changes to
accommodate the tail group of another surfactin molecule at higher surface coverages.
7.2 Eect of pH on the structure of surfactin
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Figure 7.6: SSP spectra in the C-O and C-H regions of surfactin on D2O
at dierent pH values.
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Figure 7.7: PPP spectra in the C-H regions of surfactin on D2O at
dierent pH values.
Figure 7.6 shows the SSP spectra of surfactin in the C-O and C-H region under dierent
pH conditions. The spectra in the C-H region remain constant with change in pH. The
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Figure 7.8: PPP and SSP spectra in the C-H and O-H regions of surfactin
on H2O at dierent pH values.
resonance at 1741 cm-1 is visible under acid conditions, weaker in neutral conditions,
and disappears in alkali conditions. This resonance is assigned to the C=O bond of
the un-dissociated carboxylic acid of the glutamate and aspartate residues. Although
weak acids, such as the carboxylic acid present, should be almost completely dissociated
at pH 7, the pH at the interface is substantially lower than the bulk phase due to the
inuence of surface charge. This eect is well understood - the density of charged groups
at interfaces can give rise to an interfacial potential that results in an ionic concentration
that is dierent from the bulk value [14]. In the case of negatively charged acid groups,
the negative interfacial charge results in a greater concentration of H+ at the interface,
so that the surface pH is lower than the bulk pH [15, 16]. In this case, the surface pH
must be similar to the pKa of the acid group so that a proportion of the acid groups at
the surface must be un-dissociated, giving rise to the 1741 cm-1 resonance visible in
Figure 7.6. The resonance at 1670 cm-1 is weak but visible under all pH conditions, and is
assigned to the amide I resonance (the C=O bond of the peptide bonds in the ring). The
amide I band at 1670 cm-1 is usually assigned to β-turn structures [17]. However, the low
signal-to-noise ratio (partly due to low infrared laser power in this region) prevented a
quantitative analysis of changes in the peptide resonances at dierent pH values.
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Given that the CH spectra do not change at all with changing pH, the changes in the C=O
spectra must be due to localised changes of these bonds. While the changes at 1741 cm-1
can be explained entirely by protonation state, the amide groups remain uncharged
at all bulk and surface pH conditions used here (based on the pKa values of a typical
amide group and its conjugate acid, which are >20 and <0 respectively). Changing SFG
intensity of the amide I band with pH has been noted previously [18], following a similar
pattern of intensity with pH (highest with acid, weakest at neutral, and in between with
alkali). They concluded that this change was due to reduced ordering and multilayering
of the protein (bovine serum albumin). We can rule out multilayering based on the CH
spectra. The changes in the intensity of the amide I resonances are therefore due to
changes in the orientation of the amide bonds - the direction of the C=O bond of the
amide changes to be closer to or further from being parallel to the surface normal. This
change in orientation is probably small, as a large change in C=O bond orientation would
also change the orientation of the leucine residues, and therefore change the CH spectra.
It might be tentatively explained by the presence of OH– and H3O+ at low and high pH
respectively, which may induce some change in orientation of the carbonyl bond.
The eect of pH on the water resonances of a surfactin solution is shown in Figure 7.8.
Surfactin is negatively charged at high pH due to the carboxylate groups of the glutamate
and aspartate residues. At a neutral bulk pH, the surface carboxylic acid groups exist as
a mixture of COO– and COOH groups, as described previously. Charged surfactants are
known to induce ordering of water molecules at the interface, resulting in strong SFG
resonances [19], explaining the strong OH bands at bulk pH 7.0 and 13.4. Under acidic
conditions, surfactin is uncharged, and consequently there is no strong electrostatic eld
which would induce a net orientation of the water molecules, and the OH resonances
vanish or weaken signicantly.
Overall, the eect of pH on the structure of surfactin is limited. Any change in orientation
must be small, and from the results shown here, is most obvious in the acid groups (as a
result of changing protonation state), and to a lesser extent in the amide bonds. This is
in agreement with previous neutron reectivity results [20]. Although a larger pH range
was used here, based on the pKa of the functional groups of surfactin, the protonation
state should be similar, and therefore it is reasonable to compare the results. Shen and
co-workers found that, although the hydrophobicity of surfactin changes with pH (again
mostly via the COOH groups, changing their extension into the water), the overall
structure of surfactin remains as a compact ball-like structure.
140
7.3 Eect of Ca2+ on the structure of surfactin
Surfactin is known to associate strongly with divalent cations, especially Ca2+, putatively
via the two acid groups of the ring [2, 3, 20, 21]. This neutralisation of the acid groups
might induce structural changes in the ring. To explore this possibility, SFG spectra of
surfactin in a 1:1 mol solution with CaCl2 was recorded in the C-H and C=O regions,
and this was repeated for acidic and basic conditions. Figure 7.10 shows the SSP spectra
of surfactin/CaCl2 solution overlaid onto the equivalent surfactin water spectrum. The
most notable dierence is the reduction in water bands from 3000-3800 cm-1, evidence
for at least partial neutralisation of the surfactin by the Ca2+ ions.
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Figure 7.9: SSP spectra in the C-H region of surfactin with CaCl2(aq)
in a 1:1 mole ratio at dierent pH values.
Multiple previous studies of surfactin and Ca2+ have shown that this neutralisation
is complete at a 1:1 mole concentration [2, 3, 20, 22]. The residual water bands are
therefore somewhat puzzling when compared to the low pH spectra of surfactin/water
solutions (Figure 7.8). In both cases, surfactin should be fully neutralised, and the spectra
of the low pH surfactin solutions show almost no signal in the 3000-3800 cm-1 range,
explained by the lack of charge that would induce the water ordering and structure at the
interface. Since there must be some overall orientation of the water, the spectra of the
surfactin/CaCl2 solutions indicate that order-inducing hydrogen bonding must still be
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present between the H2O and the neutralised surfactin/Ca2+ complex. Indeed, neutron
reectivity studies have shown that even a small reduction in pH (down to pH 6.5 in their
case) increased the hydrophobicity of the two acid groups more than the addition Ca2+,
as measured by the separation of the acid groups from the Gibbs water interface [20].
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Figure 7.10: SSP spectra in the C-O, C-H and O-H regions of surfactin
solutions with or without CaCl2 at pH 6.7-7.0.
A similar reduction of O-H bands is seen in the spectra of the high-pH surfactin/Ca2+
solution (Figure 7.11), and the same reasoning can be applied - previously un-associated
carboxylate groups are now complexed with Ca2+, and the neutralised surfactin has a
weaker ordering eect on the water molecules.
The O-H bands of the low pH surfactin/Ca2+ solution (Figure 7.12) are broad and weak,
and do not appear to be strongly aected by the addition of Ca2+. This makes intuitive
sense, since surfactin at low pH should already be fully neutralised, and should not form
a strong association to Ca2+.
Turning now to the C=O region of the spectra - in neutral conditions, the band at
1741 cm-1 has reduced in intensity. This could indicate that the number of un-dissociated
carboxylic acid groups has decreased. This is reasonable since the association of Ca2+
with carboxylate groups should shift the equilibrium (on the basis of Le Chatelier’s
Principle) and reduce the number of protonated carboxylic acids. Another explanation
based on the orientation of the carboxylic acids is also possible - the structure of the
142
1 6 0 0 1 7 0 0 2 8 0 0 3 0 0 0 3 2 0 0 3 4 0 0 3 6 0 0 3 8 0 00 . 0 0 0
0 . 0 0 1
0 . 0 0 2
0 . 0 0 3
0 . 0 0 4
0 . 0 0 5
0 . 0 0 6 S S P  p H  1 3 . 4 P u r e  W a t e r C a C l 2  S o l u t i o n
SFG
 Sig
nal 
[arb
itrar
y un
its]
W a v e n u m b e r  [ c m - 1 ]
Figure 7.11: SSP spectra in the C-O, C-H and O-H regions of surfactin
solutions with or without CaCl2 at pH 13.4.
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Figure 7.12: SSP spectra in the C-O, C-H and O-H regions of surfactin
solutions with or without CaCl2 at pH 3.2.
surfactin-calcium complex proposed in the literature involves the Ca2+ ion bridging the
two carboxylate groups, so that surfactin acts as a bidentate ligand [22, 23]. If this is the
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case, the binding of Ca2+ would be expected to induce a change in orientation of the
carboxylic acid groups, and therefore aect their SFG resonance. The extent to which
either of these two situations explains the reduction in intensity is dicult to quantify.
At 1669 cm-1, the already extremely weak amide I band seems to weaken or disappear
upon addition of the Ca2+, possibly indicating some change in orientation of the peptide
bonds of the ring, although this level of variation is within the noise levels (again, due to
the low infrared power available).
The corresponding alkali spectrum (Figure 7.11) appears to show an extremely weak
peak at 1741 cm-1. It is entirely implausible that protonated acid groups exist at a bulk pH
of 13.4, and therefore this ’peak’ is considered to be the result of the low signal-to-noise
ratio in this region. There is no change in the amide I band at 1669 cm-1, indicating that
the neutralisation of the carboxylate groups does not cause any reorientation of the ring
peptide bonds. Given that there are no signicant changes in the C=O region, it appears
that the structure of the ring of surfactin does not change when forming this complex.
Unfortunately, since no signal arising from the deprotonated carboxylic acid groups
could be found, it is impossible to tell if these groups have changed in orientation when
binding to Ca2+.
The acid spectra (Figure 7.12) show a reduction in the intensity of the 1741 cm-1 resonance.
As for the neutral-pH case, Ca2+ appears to be interacting with the carboxylic acid groups,
despite their reduced anity for the cation in low-pH conditions. The amide I band at
1669 cm-1 does not appear to change with the addition of Ca2+. As for the alkali spectra,
this implies that the ring structure does not change signicantly upon addition of Ca2+.
Similar to the eect of pH, the addition of Ca2+ does not cause signicant changes in
the overall structure of surfactin. Any structural rearrangement is largely limited to the
charged groups of surfactin, the carboxylates of the glutamate and aspartate residues,
which are considered to be the binding points for the divalent cations [2, 3, 20–22]. This
is still the case for Ca2+ added at low pH, indicating that the uncharged acid residues
continue to be the primary binding point for Ca2+. The lack of change in C-H resonance
ratios again indicates that the overall orientation and compact ball-like structure remain
unaected by the presence of Ca2+ ions, in agreement with previous neutron reectivity
results and most of the results of MD simulations [4, 20].
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8. Interaction of surfactinwith phos-
pholipid monolayers studied in
real time by SFG
In this chapter, we will present the SFG spectra of a phospholipid monolayer spread on
the air/water interface at a dened pressure before and after the injection of surfactin
into the subphase. Resonances from both the phospholipid and the surfactin are observed,
and are dierentiated by use of deuterated materials. In addition to molecular structural
information on both components derived from SFG spectroscopy, the surface pressure
at the air/water interface was monitored simultaneously providing context to the SFG
data. Specic spectral features and the surface pressure were monitored in real time for
periods up to 8 hours. All real-time spectra presented here are in the SSP polarisation.
In this chapter, dipalmitoylphosphocholine (DPPC) and its deuterated analogue were
used instead of the dipalmitoylphosphoethanolamine (DPPE) that was used previously in
Chapter 6. In fact, DPPE was used initially, and the interaction as probed by SFG appeared
to be very similar. However, the experiment reached the endpoint much more slowly
with DPPE, which caused practical issues. Using DPPC, an entire experiment (including
casting and solvent evaporation, monolayer compression and relaxation, laser alignment,
obtaining the initial and nal SSP and PPP spectra in the CH and CD regions, as well as
the time-dependent SFG experiment - see Section 3.10 for details) could be completed
within one day and before evaporation of the water subphase became a signicant issue
for the laser alignment.
8.1 Interaction as probed by SFG
Figure 8.1 presents the results of a representative experiment involving dDPPC and
surfactin, showing the surface pressure of the monolayer, and the r+ SFG resonances
in the SSP polarisation, of the deuterated lipid and the protonated surfactin plotted
against time. The dDPPC was cast onto the surface from chloroform, and the solvent
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was allowed to evaporate for at least 20 minutes. After compression of the phospholipid
monolayer, the system was allowed to reach equilibrium (normally around 30 minutes).
Figure 8.1: Plot of surface pressure and SFG intensity (r+ in the SSP
polarisation) of the dDPPC phospholipid monolayer and surfactin
against time. 25 µl of surfactin solution (giving a concentration equal
to 0.05×CMC in the trough) was injected into the subphase at 142 min-
utes, as indicated on the plot. The black SFG trace represents the SFG
intensity of the r+ resonance of the deuterated phosphoplipid, dDPPC,
and the red SFG trace represents the SFG intensity of the r+ resonance
of the protonated surfactin.
Before the injection of surfactin, only CD resonances arising from the dDPPC were
observed, and the surface pressure did not change over time. The surface pressure of the
phospholipid monolayer after surfactin was injected into the subphase did not change
for approximately 60-70 minutes, at which point it began to increase. Simultaneously,
the SFG intensity arising from the CD bonds of dDPPC methyl groups began to decrease.
Approximately 20-30 minutes later, CH resonances arising from methyl groups of the
surfactin were detected. The CD signals continued to decrease, and the CH signals
increase, reaching their minimum/maximum at the same time as the surface pressure
increase had reached its inexion point. The surface pressure continues to increase
until its plateau (120-140 minutes after injection of surfactin), at which point the r+ CD
intensity began to recover, and the r+ CH intensity of surfactin began to decrease again.
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The extent to which the signals return to their original state, the time taken for the
surface pressure to reach its nal value, and that value itself, depend upon the initial
conditions used, but are also subject to considerable run-to-run variation. However, when
the appropriate amount of surfactin is injected (in this case 3 × 10−6M or 0.05×CMC),
this overall pattern, in which the resonances arising from surfactin appear and then
subside, and the resonances arising from the phospholipid monolayer are diminished
and then recover, alongside the changing surface pressure, occurs very consistently.
Figure 8.2: The "before" (black) and "after" (red) spectra of the CD (2000-
2300 cm-1) and CH (2800-3000 cm-1) regions of the dDPPC and surfactin
system, taken just before injection of the surfactin into the subphase,
and after 400 minutes (the end of the time-dependent SFG results). As
expected, before surfactin is added only resonances arising from the
phospholipid are visible. In the SSP polarisation, they are assigned
to the r+ at 2074 cm-1, the r+FR at 2136 cm
-1, and the r- at 2220 cm-1.
Also visible is a resonance at 2965 cm-1, probably from the single C-H
bond in the dDPPC (this resonance is discussed further at the start of
Section 8.2). Afterwards, resonances from the phospholipid and very
weak resonances from the surfactin are visible (the r+ in the SSP at
2878 cm-1).
.
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As well as monitoring the r+ resonances of the CD and CH methyl groups, full spectra of
the CH and CD regions were obtained before injection and after the surface pressure and
SFG intensities had reached equilibrium. These are shown in Figure 8.2. Initially, only
resonances arising from the phospholipid are observed, assigned to the r+ (2072 cm-1 in
the SSP), r+FR (2136 cm
-1 in the SSP), and r- (2222 cm-1 in the SSP and PPP). One further
resonance in the CH region is observable at 2965 cm-1, and this arises from a single
CH bond of the tertiary carbon in the dDPPC. Afterwards, these resonances are still
present. Additionally, a weak resonance from surfactin is now observed. It is assigned to
the r+ stretch (2878 cm-1 in the SSP). Surfactin may also contribute to the resonance at
2965 cm-1. The extent to which the CD resonances are preserved, and the CH resonances
rise, depends greatly on the amount of surfactin injected and also exhibited signicant
run-to-run variation. Usually CH resonances attributable to surfactin would not be
visible at all in the nal spectra.
By referencing surface-pressure - area isotherms of the dDPPC and DPPC phospholipids
(shown in Figure 8.3), the surface phase of the phospholipid during the experiments
can be deduced. With the exception of one low-pressure experiment (shown later in
Figure 8.18), the initial pressure of dDPPC was always above 15 mN/m, and therefore in
the liquid-condensed (LC) phase. This was done for two reasons. Firstly, biological cell
membranes usually have a surface pressure of around 30 mN/m [1], and therefore the
LC phase is the most relevant to investigate. Secondly, above 15 mN/m both dDPPC and
DPPC are denitely in the same phase, whereas low surface pressures might result in
dierent phases for each monolayer as seen in the isotherms of Figure 8.3, which would
complicate comparisons between experiments.
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Figure 8.3: Surface-pressure - area isotherms of the DPPC and dDPPC
phospholipids used in these experiments. Marked on the isotherms
are the phases of the two phospholipids - liquid condensed (LC), liquid
expanded (LE), gaseous (G) and their coexisting regions (LE-LC and
G-LE).
8.2 Time dependence of the SFG spectra
It was mentioned in Chapter 5 that monitoring a single wavenumber over time provides
excellent time resolution but unfortunately results in the loss of a great deal of spectral
information. To investigate further the change in structure that occurs in the monolayer
and surfactin, the same experiments were repeated while acquiring scans of the whole
CH or CD region. The resulting set of spectra are shown below. Figure 8.4 shows
the CH region of an experiment using dDPPC and protonated surfactin. Therefore,
the CH signals arise largely from the surfactin, with the exception of a resonance at
2965 cm-1. This arises from the lone C-H bond of the tertiary carbon in the otherwise
fully deuterated dDPPC, and appears when the monolayer is very well ordered. Surfactin
also shows a resonance at this wavenumber (see Chapter 7); however, it is usually smaller
than the resonance at 2878 cm-1. In fact, the resonance at 2965 cm-1 changes from being
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Figure 8.4: SFG spectra in the SSP polarisation of the CH (2800-
3000 cm-1) region acquired during the interaction of surfactin and
deuterated phospholipid. The assigned peaks are the r+, r+FR, and r
-
at 2874 cm-1, 2951 cm-1, and 2966 cm-1, respectively. The associated
surface pressure and tted peak areas are shown in Figure 8.5, and the
associated before and after spectra showing the dDPPC signals in the
CD region, as well as PPP spectra are shown in Figure 8.6.
mostly surfactin contributions during the middle part of the experiment to mostly dDPPC
contributions at the end. This is validated later on when d-leucine surfactin was used in
combination with protonated phospholipid (Figure 8.8), where there the analogous CD
resonance at 2220 cm-1 is not visible at the end of the experiment.
The spectra show r+, r+FR, and r
- intensities rising and then decreasing over time, mostly in
the same way as seen in the previous time-dependent SFG intensity data. The exception
is that the r- intensity does not reduce to zero - it is very likely that the phospholipid
contributes to this intensity, given that it is also seen when the pure phospholipid is
highly compressed (this resonance is visible in the "before" spectra in Figure 8.2). By and
large, these spectra appear very similar to the spectra of surfactin on water (Section 7.1,
Figure 7.2), suggesting that no major changes in the structure of surfactin has taken
place during its interaction with the phospholipid monolayer.
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Figure 8.5: The surface pressure and tted peak areas of the CH res-
onances plotted against time, extracted from the data in Figure 8.4,
where the full spectra of the same system are shown.
Figure 8.6: The "before" and "after" spectra of the CD and CH regions
of the dDPPC and surfactin system, taken just before injection of the
surfactin into the subphase, and after 380 minutes. The initial surface
pressure was 26 mN/m and the nal surface pressure was 42 mN/m.
The surface pressure against time, and tted peak amplitudes of the CH
region throughout the experiment are shown in Figure 8.5. Assigned
r+ 2072 cm-1; r+FR 2136 cm
-1; r- 2220 cm-1; tertiary CH at 2965 cm-1.
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The previous waterfall plot (Figure 8.4) showed the CH region of a protonated surfactin
- deuterated phospholipid system. Figure 8.7 shows the corresponding phospholipid
resonances in the CD region of a similar experiment (both the CH and CD regions could
not be acquired at the same time, due to the large reduction in time resolution and/or
spectral resolution that would occur). As before, it is clear that the SFG resonances
arising from the phospholipid are reduced and then recover during the experiment. It is
important to note that there is no evidence for d resonances at any point in these spectra.
This is dicult to reconcile with the idea that the monolayer is becoming disordered,
which would normally be the explanation for the reduction in the SFG intensity. If the
whole monolayer gradually becomes disordered, as indicated by the time behaviour
of the r+ resonances of the DPPC, one would expect to see d resonances appearing as
gauche defects formed in the monolayer (as shown in Figure 2.8).
Figure 8.7: SFG spectra of the CD (2000-2300 cm-1) region acquired dur-
ing the interaction of protonated surfactin and deuterated phospholipid.
These spectra show only the resonances arising from the phospholipid
as the surfactin interacts with the monolayer. The r+ (2072 cm-1),
r+FR (2136 cm
-1), and r- (2222 cm-1) are all observable at the start and
end, but not during the middle part of the experiment. Additionally,
no d resonances are observable (which would normally be at 2095-
2100 cm-1 for the d+, and around 2200 cm-1 for the d-) in the CD region.
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In addition to experiments using deuterated phospholipid and protonated surfactin,
experiments were conducted using d-Leu surfactin (described in Chapter 7) and pro-
tonated phospholipid. Figure 8.8 shows the repeated scans of the CD region of such
an experiment. Now the CD region shows signals arising from the deuterated leucine
groups of the surfactin, and possibly also from the 40-50% of d9 deuterated tail groups
in the surfactin. (This is a result of Bacillus Subtilis’ use of the deuterated leucine as
a starter molecule for the fatty acid, as mentioned in Section 7.1 - see Section 3.9 for
details.) Again, these look very similar to the spectra of the same d-leu surfactin on its
own on water (Figure 7.4), varying only in intensity as the experiment progresses.
Figure 8.8: SFG spectra of the CD (2000-23000 cm-1) region acquired
during the interaction of d-leu surfactin and protonated phospholipid.
All the resonances arise from the surfactin leucine groups. No CD
resonances are observable at the start or the end of the experiment,
and are only visible during the middle part the experiment in the same
way that the CH resonances are observed in the previous protonated
surfactin experiments. The resonances are assigned: r+ 2072 cm-1; r+FR
2136 cm-1; r- 2220 cm-1.
The CH region scans of a repeated experiment (Figure 8.9) shows the intensity arising
from the DPPC monolayers, and potentially any CH resonances that might arise from
the CH bonds in the tail or ring of the d-leu surfactin. The spectra show r+, r+FR, and
r- resonances, with very little evidence for d resonances. As described previously, the
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intensity is reduced and then recovers as the experiment progresses. During the period
when resonances arising from the lipid are suppressed, and those from surfactin would
be visible, there are no detectable CH resonances in the spectra. We can have condence
that the SFG resonances arising from surfactin are entirely from the leucine groups -
there are no observable contributions from the tail or ring CH bonds in the SFG spectrum
of surfactin in this experiment.
Figure 8.9: SFG spectra of the CH (2800-3000 cm-1) region acquired
during the interaction of d-leu surfactin and protonated phospholipid.
The resonances are assigned: r+ 2878 cm-1; r+FR 2946 cm
-1; r- 2966 cm-1.
As seen in the CD spectra of the deuterated phospholipid experiment
(Figure 8.7), the resonances are only visible at the start and end of the
experiments, and there is no evidence for d resonances. d resonances
would typically be observed at around 2850 cm-1 for the d+ and 2920-
2925 cm-1 for the d-.
The nal easily accessible region of the spectrum is 3000-3800 cm-1, which covers the
OH stretches of water. A waterfall plot of the whole 2800-3800 cm-1 region is shown
in Figure 8.10, and tted values of the observed resonances are shown in Figure 8.11.
The changes in CH resonances arising from surfactin are the same as in Figure 8.4. The
changes in OH resonances are dicult to see in the waterfall plot, both due to the noise
levels of the spectra and also due to the broad nature of the water resonances. However,
the tted values show a clear trend in OH resonance intensity - simultaneously with the
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Figure 8.10: SFG spectra of the CH and OH (2800-3800 cm-1) region
acquired during the interaction of protonated surfactin and deuterated
phospholipid. These spectra show resonances arising from the OH
bonds of water (in the region 3000-3800 cm-1) as surfactin interacts
with the monolayer, as well as the CH region (2800-3000 cm-1). Res-
onances from surfactin (r+ 2874 cm-1; r+FR 2951 cm
-1; r- 2966 cm-1) are
not observable at the start and end, only during the middle part of the
experiment. In this expanded range, OH signals are now also visible,
centred at 3113, 3238, and 3477 cm-1. Changes are dicult to see due
to their broad nature. Refer to Figure 8.11 for tted areas of the water
peaks.
rise in surfactin resonances, those from the OH bonds decrease. Additionally, once the
CH signals decrease again, the OH resonances recover. The negatively charged surfactin
may have a disordering eect on the water bonds, which are normally aligned to the
positive charge presented by the amide group of the zwitterionic phospholipid. This
would explain the decrease in the OH resonances observed in Figure 8.11. An alternative
explanation would be that where surfactin has adsorbed to the monolayer, OH bonds,
which normally point away from the positively charged interface presented by the
phospholpid, now point upwards towards the negatively charged interface presented by
the surfactin. SFG resonances arising from these regions cancel with SFG resonances
arising from regions of the monolayer where no surfactin is present, reducing the
observed intensity of OH resonances.
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Figure 8.11: The surface pressure and tted peak areas of the CH
and OH resonances plotted against time, extracted from the data in
Figure 8.10, where the full spectra of the same system are shown. The
OH peaks are tted at 3113 cm-1, 3238 cm-1, and 3477 cm-1, with the
largest contribution coming from the peak at 3238 cm-1. In fact, the
resonances arising from water are complex in nature and dicult to t
correctly without the use of phase-sensitive detection. In-depth phase
analysis of the OH peaks is beyond the scope of this document, and
beyond the capabilities of the scanning picosecond SFG spectrometer
used here, since phase-sensitive detection is orders of magnitude slower
in acquiring a spectrum.
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8.3 Reection absorption infrared spectroscopy
A general result in SFG spectroscopy is that when a monolayer containing long aliphatic
chains becomes disordered, r resonances decrease in intensity and d resonances appear
as gauche defects are formed. However, throughout the interaction with surfactin, no
SFG d resonances arising from the phospholipid were observed, despite the complete
suppression of r resonances during the middle stages of the experiment. A supercial
conclusion would be that the monolayer is removed from the surface rather than becom-
ing disordered, but this seems unlikely, given that afterwards the phospholipid would
have to return to the interface and form a well-ordered monolayer to give rise to the
"after" phospholipid spectra.
To investigate this further, Reection Absorption Infrared Spectroscopy (RAIRS) was
conducted on the same system. Unlike SFG, RAIRS probes CH vibrational modes re-
gardless of their orientation on the surface. CH signals arising from the DPPC were
observed throughout the experiment, as shown in Figure 8.12. They are visible as the
yellow and orange regions denoting the wavenumbers where RAIRS reectance was the
lowest, at 2851 cm-1 and 2920 cm-1, due to absorption by the d+ and d- vibrational modes,
respectively. Also observed in Figure 8.12, but much more weakly than the d bands, is a
dip at 3002 cm-1. This is tentatively assigned to the tertiary CH bond of the phospholipid.
Two of the scans used to produce the contour plot, taken from 88 and 285 minutes, are
shown in Figure 8.13. Based on these RAIRS data, it was concluded unambiguously that
the lipid remains at the interface throughout the whole of its interaction with surfactin.
Interestingly, RAIRS was not able to detect any vibrational bands arising from surfactin
at the interface. Neither CD bands from d-leu surfactin nor CH bands from protonated
surfactin were observed, regardless of surfactin concentration, and not even when
surfactin was cast onto a pure water surface from chloroform and allowed to spread,
or when solid surfactin was added to the surface. The molecular area of surfactin at
the surface for a solution above the CMC is roughly 147 Å [2]. In the range of surface
pressures used here, the molecular area of DPPC is roughly 40-50 Å(Figure 8.3). A
molecule of surfactin has 16 CH2 groups, (3 of which are adjacent to a carbonyl and are
therefore expected to be shifted up in wavenumber slightly from 2920 cm-1), compared to
34 for DPPC (of which 6 are adjacent to electronegative groups and should also be blue
shifted). Therefore, a monolayer of DPPC has approximately 6-7 times more CH2 groups
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Figure 8.12: A contour plot showing RAIRS reectance data acquired
during the interaction of d-leu surfactin and DPPC. The surface pressure
associated with the experiment is shown at the top of the diagram,
with the DPPC casting and surfactin injection events as labelled. The
d+ and d- resonances arising from the phospholipid were observed at
2851 cm-1 and 2920 cm-1 respectively, and appear as orange regions on
the contour plot. No dips attributable to surfactin were detected. This
is discussed further in the text.
per unit area at the water surface compared to surfactin. According to the Beer-Lambert
law, absorbances would also be 6 times weaker. This would not be above the level of
noise observed in Figure 8.13.
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Figure 8.13: Two of the sequential RAIRS spectra recorded in order
to produce the contour plot in Figure 8.12, oset for clarity. The d+
and d- bands have been assigned at 2851 cm-1 and 2920 cm-1 on the
plot. An additional peak is visible at 3002 cm-1, indicated by the * in
the 285 minute scan. This is probably from the tertiary C-H bond. (In
the contour plot, it is visible before the other DPPC bands appear, as a
similar bond exists in the chloroform used to cast the DPPC.)
8.4 Mechanistic considerations
It is possible to arrive at a plausible explanation of the SFG, RAIRS, and surface pressure
results. With regards to the RAIRS data, we must conclude that the lipid remains at the
surface throughout the experiment. A compatible potential mechanistic interpretation is
as follows. Surfactin molecules arrive at the interface and adsorb to the phospholipid
monolayer, probably due to electrostatic interaction of the positively charged tertiary
amide of the DPPC and the negatively charged surfactin. This causes disordering of the
monolayer in the immediate vicinity of the surfactin. This region of monolayer is now
so disordered that no SFG signal arises from it. Because the amount of surfactin arriving
at the surface at any one moment is relatively small, there is no observation of the d
resonances that would usually arise from a monolayer that is changing uniformly from
well ordered to disordered. As the amount of surfactin at the interface increases, the
ratio of disordered to ordered monolayer increases, and therefore the SFG resonances
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(a) The phospholipid monolayer before
the surfactin is injected. It forms a close
packed and therefore well-ordered mono-
layer at the interface, with very few
gauche defects.
(b) Approximately 60-80 minutes after
the injection of 0.05×CMC of surfactin,
the surfactin arrives at the surface and
begins adsorbing to the monolayer, prob-
ably by electrostatic interaction. Phos-
pholipids that interact with the surfactin
rapidly become disordered.
(c) Surfactin continues to adsorb to the
phospholipid monolayer until almost all
of the monolayer is very disordered.
(d) Surfactin itself now aggregates at the
interface. The surface area occupied by
surfactin is reduced, giving room for the
phospholipid to reoccupy the air/water
interface and thereby form ordered mono-
layers once again.
Figure 8.14: Diagrams showing a mechanism compatible with the data
presented in this chapter.
from the phospholipid decrease. The arrival of surfactin at the interface also explains the
increase in surface pressure and surfactin resonances. The SFG data shows that, after the
monolayer is fully disordered, it recovers after a certain amount of time. Simultaneously
with this, the surfactin resonances disappear. The increased surface pressure indicates
that there must be more material at the interface than at the start of the experiment, and
therefore it seems highly unlikely that the surfactin leaves the interface after having
been adsorbed to the monolayer. The recovery of the monolayer ordering is probably
due to aggregation of surfactin at the interface, causing it to occupy a smaller area and
creating room for the phospholipid to reform as an ordered monolayer. In this nal state,
the aggregated surfactin is either too disordered, or organised in a pairwise or in another
symmetric fashion. Any centrosymmetric arrangement, or any arrangement with no
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net polarisation in the z direction (since the aggregates will be orientated isotropically
in the x-y plane) will be SFG inactive. This entire process is shown diagrammatically
in Figure 8.14. Aggregation occurs when the DPPC-DPPC and surfactin-surfactin in-
teractions are favoured over surfactin-DPPC interactions. Although one would expect
that the double negative charge of surfactin at neutral pH would make aggregation
unfavourable, at the interface the local pH is reduced compared to the bulk [3–5], so that
the acid groups are not doubly dissociated at the interface, as discussed in Section 7.2.
This reduces the charge repulsion that might otherwise make aggregation unfavourable.
8.5 Eect of surfactin concentration on interface
composition
Surfactin is known to solubilise bilayer membranes when above the CMC [6] (which is
equal to 6 × 10−6 M [2]). The accepted mechanism by which it does this is to adsorb to
the phospholipid, incorporate into the membrane, and then form mixed phospholipid-
surfactin micelles, removing the membrane from the interface [7, 8]. In the previous
section, surfactin was injected into the subphase at a concentration of 0.05 × CMC, and
the SFG signals arising from the surfactin appear, increase to a maximum, and then fall
again, while corresponding signals from the phospholipid decrease and then recover.
The experimental data for the same experiment with a greater concentration of surfactin
is shown in Figures 8.15 and 8.16. When injected into the subphase at a concentration of
0.2 × CMC, the rst step occurs as before - signals from surfactin appear and signals from
the phospholipid decrease, but this does not reverse as the surface pressure reaches its
maximum. Whereas previously SFG signals arising from both surfactin and phospholipid
were observed at the surface, in this case only surfactin was detectable - there was no
evidence of CD signals in the "after" spectra that would be attributable to the dDPPC
phospholipid. One explanation is that the surfactin entirely and permanently displaces
the phospholipid monolayer at the surface, even at concentrations well below the CMC.
Another possibility is that after aggregating at the interface as in Figure 8.14d, the
remaining phospholipid monolayer is disordered by the excess of surfactin. Further
aggregation would increase the surface pressure beyond what surfactin is capable of,
i.e there is no "free space" left for the phospholipid to occupy, and the nal situation
appears as Figure 8.17.
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Figure 8.15: Plot of surface pressure and SFG intensity of the phos-
pholipid monolayer and surfactin against time. In this case, 100 µl of
surfactin was injected into the subphase (0.2× the CMC) at 172 min-
utes as indicated on the plot. The black SFG trace represents the SFG
intensity of the r+ resonance of the deuterated phospholipid, dDPPC,
and the red SFG trace represents the SFG intensity of the r+ of the
protonated surfactin.
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Figure 8.16: The "before" and "after" spectra of the CD (2000-2300 cm-1)
and CH (2800-3000 cm-1) regions of the dDPPC and surfactin system,
taken just before injection of the surfactin into the subphase, and after
400 minutes (the end of the time-dependent SFG results). As expected,
before surfactin is added, only resonances arising from the phospholipid
are visible - the CD resonances and the 2966 cm-1 resonance in the CH
region. Afterwards, resonances from the phospholipid are no longer
present, and CH resonances that are attributable to surfactin are visible,
at 2878 cm-1 in the SSP and 2966 cm-1 in the PPP (which is probably not
from the phospholipid, given the lack of resonances in the CD region).
Figure 8.17: Postulated state of surfactin/phospholipid system at the
end of the excess surfactin experiment.
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8.6 Eect of initial surface pressure
The lateral pressure of the lipid bilayer membrane is known to have a strong eect on the
uptake of molecules into the membrane and into the cell [9], and can aect the structure
and function of embedded proteins [10]. For this reason, the eect of the phospholipid’s
initial surface pressure on the behaviour of surfactin was investigated. Figures 8.18
and 8.19 show the results when low and high initial surface pressures are used. The
time between injection of surfactin and the initial rise in surface pressure and the initial
change in SFG intensities does not alter signicantly. Additionally, the time taken for
the surface pressure to reach its plateau, and the time taken for the surfactin signals to
begin changing towards their nal equilibrium intensities, did not vary systematically
with pressure.
Figure 8.18: Plot of surface pressure and SFG intensity against time. In
this case, the intial surface pressure of the phospholipid was 10 mN/m.
Note that this is the only experiment where the dDPPC was not in
the liquid condensed phase - here it begins in the liquid condensed -
liquid expanded coexistence region, although this does not seem to
have aected the rate of increase of surfactin signal intensity.
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Figure 8.19: Plot of surface pressure and SFG intensity against time. In
this case, the intial surface pressure of the phospholipid was 32 mN/m.
One would expect that the penetration of surfactin would be slowed by a high lateral
pressure in the monolayer, and be faster for a lower lateral pressure. Since this does not
seem to be the case, the surfactin penetration step is not rate-limiting. This could be
because diusion through the subphase and adsorption to the interface is fairly slow,
and compared to this the penetration step occurs relatively quickly after the arrival of
surfactin to the surface. This is a reasonable explanation, but when made on the basis of
the data in Figures 8.18 and 8.19, it must be a tentative conclusion due to considerable
run-to-run variation. However, this idea does t nicely with the explanation for the lack
of d resonances described earlier - that, at any one moment, the population of surfactin
undergoing the penetration step is too small for d resonances to be observed.
8.7 Eect of low pH of the subphase
Surfactin is negatively charged at neutral pH. At low pH, the carboxylate groups are
neutralised, and the eect of this on its interaction with the phospholipid monolayer
is shown in Figure 8.20. This gure shows the data from an experiment similar to that
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shown in Figure 8.1, except, in this case, the subphase was adjusted to pH 3.4 by addition
of hydrochloric acid. In this case, the rise of the surfactin resonances and the dip in
Figure 8.20: Plot of surface pressure and SFG intensity against time
under acidic conditions (pH 3.4). The decrease in phospholipid reso-
nances and the increase in surfactin resonances are now much less
pronounced than in previous experiments.
the phospholipid resonances is much more subdued than previously, indeed almost
unnoticeable. The time for surfactin resonances to appear took much longer (around
140 minutes), and remained detectable for a much longer time, around 300 minutes. The
change in surface pressure is also more gradual, but still reaches 40 mN/m. (It should be
noted that this experiment took a very long time, and the overall lowering of intensity as
the experiment progresses may be due to evaporation/laser drift, reducing the overlap of
the infrared and visible lasers, resulting in lower laser output power due to experimental
issues rather than a decreasing number density of phospholipid on the surface.) There is
a smaller increase in surfactin resonances, and a smaller decrease in lipid resonances
when compared to the initial experiments at a higher pH, and this period lasts for a
longer time. This can be explained by a slower build up of surfactin. The aggregation
occurs quickly compared to this, preventing a large build-up of the surfactin beneath
the phospholipid monolayer as shown in Figure 8.22. The only change is the low pH
and the presence of chloride ions. Therefore, the change in behaviour can only be due
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Figure 8.21: The "before" and "after" spectra of the CD and CH regions
of the dDPPC and surfactin system under acidic conditions (pH 3.4),
taken just before injection of the surfactin into the subphase, and after
600 minutes (the end of the time-dependent SFG results)
to these two dierences. It seems likely that the uncharged surfactin has a reduced
anity for adsorbing to the interface - that is, the electrostatic interaction plays an
important role in the interaction of surfactin with the phospholipid monolayer, which is
zwitterionic with a positively charged amine group which would interact favourably with
the negatively charged surfactin. The neutralisation of the surfactin may also increase
the rate of aggregation of the surfactin, since there is no longer any charge-charge
repulsion between the uncharged surfactin molecules.
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Figure 8.22: A diagram showing the relative speed of the adsorption and
aggregation steps at neutral and low pH. At neutral pH, the adsorption
step is relatively fast, and the aggregation step is slow. Therefore,
a build-up of adsorbed surfactin is observed, leading to the strong
surfactin signals and weak phospholipid signals in the SFG spectra. In
the case of the low pH, the aggregation of the surfactin occurs about
as quickly as the surfactin adsorbs, so that no build-up of adsorbed
surfactin beneath the monolayer is observed.
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9. Conclusions & further work
9.1 Binary surfactant system
Molecular-level insight of the monolayer ordering of model hair conditioner samples on
glass was obtained using SFG. The eect of temperature, self-assembly conditions, and
sample preparation on the monolayer order was also investigated. It was found that the
temperature dependence of the monolayer ordering was itself dependent on both the
self-assembly conditions and the sample preparation.
For the "Unilever" model, the monolayer was assembled more densely at low solution
temperatures, and monolayers assembled at low temperatures were not strongly aected
by heating on the SFG sample stage. Monolayers assembled from solution at higher
temperatures were not as densely packed onto the glass substrate, and subsequently were
aected to a greater extent by heating on the SFG stage. In contrast, the density of the
monolayer formed from the "RR63" and "RR80" model (which were prepared dierently
to the "Unilever" model) was found to be mostly unaected by the solution temperature.
Regardless of the solution temperature, the monolayer ordering was strongly aected by
the temperature of the SFG sample stage.
The eect of including CaCO3 in the solution for self-assembly was extremely small.
This is probably due to the very low solubility, and therefore concentration, of CaCO3
in water. To examine better the eects of ionic strength, a more soluble ion should be
chosen, although this may be less relevant to the real-world use of hair conditioner.
Further investigation into these eects should focus on the composition of the monolayer
formed from each of these models, in order to understand the dierences in deposition
behaviour, and how the composition of the deposited monolayer is aected by the
preparation method and the solution temperature. One option is selective deuteration,
so that the alkyl tails of BTAC and CetOH may be distinguished by SFG. Other methods
of characterising the monolayer would also be useful. Ellipsometry would reveal the
thickness of the deposited monolayer, and give an indication of the tilt angle, to hopefully
corroborate the molecular-ordering information revealed by the SFG spectra.
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9.2 Cell membrane models
The SFG spectra of the T10 SAM and adsorbed phospholipids reported here are pre-
liminary; these systems are much more complicated to manipulate experimentally and
to interpret spectroscopically. However, the SFG spectra of the T10 SAMs gave some
indication as to their structure in air - the tethers must be quite disordered, the methyl
groups must point upwards, and the methylene groups must be orientated such that the
hydrogen atoms lie on a line close to vertical. A structure consistent with the data has
been suggested - the tethers have many gauche defects and a large tilt angle, lying close
to the plane occupied by the alcohol headgroups of the spacers.
RSE was used as a reliable method to produce a membrane in which the tethers were
incorporated, and again, the spectra were used to speculate on the orientation and
structure of the now incorporated tethers. The spectra of the tethers produced by RSE
were then compared to the spectra of the tethers after LB deposition with d-DPPE, which
did not look the same. These spectra indicate that the tethers are not incorporated after
LB deposition, at least not initially.
An isotopically distinguished bilayer was produced by consecutive LB and LS deposition.
The spectra showed that the polar orientations of the proximal and distal layers are in
opposite directions, as expected, and that the membranes formed this way were well
ordered, with few gauche defects. However, there was no evidence for signals arising
from the tethers that would indicate their incorporation into the bilayer. They also
demonstrated that ip-op, the exchange of DPPE in the proximal leaet with d-DPPE
in the distal leaet, causes a decrease in signal intensity on the order of hours after LS
deposition has taken place. This process could be monitored by time-dependent SFG, to
investigate the rate of ip-op in the tethered membrane system.
Future work with isotopically distinguished bilayers would probably require the LB/LS
methodology to be employed. Therefore, some method for ensuring the incorporation of
the tethers is required. Perhaps, by heating the slide after LB deposition, the tethers might
become incorporated. If this does occur, it might be possible to monitor the enthalpy of
this process by calorimetry, conrming their incorporation and revealing some informa-
tion about the thermodynamics of the tether-lipid interaction. Otherwise, exposing the
bilayer produced by RSE to air, as done in this report, will cause a rearrangement of the
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bilayer, to produce a surface with coexisting monolayer and odd-numbered multilayers.
Before LS deposition atop this, the extent of multilayering would need to be examined,
so that the potential disruption to the completed bilayer might be understood. Therefore,
it would be useful to examine the surface after RSE and exposure to air by AFM. If
the extent of multilayering is minimal, it may be reasonable to produce an isotopically
distinguished bilayer by using LS deposition after forming the initial monolayer by RSE
and exposure to air.
9.3 Behenyltrimethylammonium surfactants at the
air/water and air/glass interfaces
In this work, we have monitored the relaxation of two long-chain insoluble cationic
surfactants in a Langmuir monolayer below their fracture collapse pressure. SFG was
employed to monitor the molecular structure of the surfactant in the monolayer phase,
surface pressure measurements provided macroscopic information about the behaviour
of the monolayer, and AFM was used to observe the multilayer structures of the lms
at the onset and at the end of the collapse process and provided valuable context for
the molecular information provided by SFG. This type of relaxation follows a slow
collapse mechanism, whereby islands of multilayer phases nucleate and grow, reducing
the lateral pressure of the monolayer [1–3]. The AFM images imply that nucleation
happens quickly.
The spectra taken during the collapse process showed that the cationic surfactant orders
upon compression (as expected [4]), but that the relationship of the molecular structure
to the surface pressure is not necessarily simple - the surface pressure took a longer time
(greater than 10 h) to reach equilibrium than the SFG intensities (approximately 2 h).
Although a weak SFG signal made temporal measurement dicult, the SFG response and
position of the headgroup remained constant throughout compression and relaxation.
This is in agreement with previous SFG studies of the headgroup of a negatively charged
surfactant, sodium dodecylsulfate [5].
Dierences between the two surfactants in their sum-frequency and surface pressure
data are attributed to the counterion binding energies [6]. The data showed that the
better shielded surfactant has a lower equilibrium spreading pressure, and a more ordered
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monolayer - the methyl sulfate counterion of BTMS was better at shielding the positive
charge of the headgroups. However, immediately after compression, the higher surface
pressure for BTMS suggested that the methyl sulfate counterion was less able to stabilise
the system. This is probably a kinetic eect - the rate at which the multilayers form is
slower, so that initially the surface pressure drops more slowly. This may be because
the methyl sulfate ions are larger than the chloride ions, and therefore take longer to
rearrange into the multilayer system.
The reduced ordering of the monolayer phase, as shown by the SFG spectra, is associated
with growth of the multilayer phases observed in the AFM images. The AFM images
also showed a greater number of multilayer sites at the onset of the slow collapse of
the lm than was observed at the end. This also implies that either the formation of
the multilayer phase is reversible, such that one multilayer phase grows at the expense
of others, or that the multilayer phases are mobile enough that they can combine on
the water surface during the relaxation process. The SFG spectra of BTMS recorded
on glass are similar to those recorded at the air/water interface, and it is reasonable to
conclude that this validates the assumption that LB deposition can be used to capture
the state of the lm. SFG was found to be a useful method for following the order and
packing density of the monolayer as it changed over time, and combining it with other
techniques, such as surface pressure measurement and AFM imaging, provided valuable
context to the interpretation of the spectra.
9.4 SFG spectroscopy of surfactin and phospholipids
at the air/water interface
The SFG data have revealed two key ndings about the orientation and structure of
surfactin on water surfaces. Firstly, by using surfactin with perdeuterated leucine groups,
we have shown that the lipid chain lies in the surface plane and not along the surface
normal, since the leucine groups are responsible for almost all the SFG resonances arising
from surfactin. Secondly, the constant intensity ratios of the methyl resonances of the
leucine groups as the surfactin concentration increases indicates that the orientation
of the leucine residues, and therefore of the peptide ring itself, does not change. This
is most satisfactorily explained by the ring lying horizontally on the interface with the
lipid chain atop this, also lying in the plane of the interface. In this conguration, the
176
lipid tail can interact with the hydrophobic residues of the ring. This precludes structural
inferences arising from surface tension measurements by Maget-Dana and Ptak [7]
and Ishigami et al [8], and some conclusions regarding intermolecular interaction of
surfactin arising from the MD studies of Iglesias-Fernández et al [9]. Small changes in
amide I and carbonyl resonances with pH and not in the ratios of the C-H resonances
suggest small realignments of these groups along the surface normal as the pH changes,
without changing the overall orientation of the peptide ring. Similarly, Ca2+ did not cause
signicant changes to the overall structure of surfactin, despite being known to bind
strongly to the acid groups of the ring [7, 10–13]. This is generally in agreement with
previous neutron reectivity (NR) studies [10] and most aspects of molecular dynamics
(MD) calculations [9].
Having become familiar with the structure and behaviour of surfactin as studied by
SFG, the interaction of surfactin with a phospholipid monolayer was investigated in
real-time by SFG and surface pressure measurements at the air/water interface. By the
use of selectively deuterated materials (both deuterated phospholipid and surfactin with
deuterated leucine residues), the characteristic behaviour of the interaction of surfactin
with the phospholipid monolayer was identied. Initially, only phospholipid resonances
are observed. As the surface pressure of the monolayer begins to rise, SFG resonances
from surfactin were detected, and the increasing intensity of these resonances coincides
with the suppression of SFG resonances arising from the phospholipid. As the surface
pressure of the monolayer begins to plateau, the resonances arising from surfactin all
but disappear, and those arising from the phospholipid recover.
The SFG spectra of surfactin recorded during the penetration steps were very similar
to spectra of surfactin alone at the air/water interface, and the use of surfactin with
deuterated leucine residues showed that it is these residues that are responsible for the
SFG resonances of surfactin throughout the interaction with the phospholipid. These
observations lead to the conclusion that the majority of the surfactin remains in a
similar arrangement as previously, with the tail group folded over to interact with the
hydrophobic residues of the ring. This is in agreement with previous NR studies of
surfactin [14].
Although the appearance of SFG resonances arising from surfactin was accompanied by
the disappearance of resonances from the phospholipid, RAIRS was used to conclusively
show that the phospholipid monolayer remains at the air/water interface throughout the
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phospholipid-surfactin interaction. A two-step mechanism for this interaction which
accounted for the surface pressure, SFG, and RAIRS data was put forward - rstly,
surfactin adsorbs to the phospholipid monolayer, disordering the phospholipid in contact
with it. In the second step, the adsorbed surfactin aggregates, reducing the surface area
occupied at the interface, and allowing the phospholipids to reform into an ordered
monolayer at the interface.
Additionally, the eects of the initial surface pressure of the monolayer, the concentration
of surfactin used, and the pH of the subphase were investigated. It was found that
the surface pressure did not have a strong eect on the time-scale of the interaction.
It is reasonable to assume that the lateral pressure would reduce the rate at which
surfactin can penetrate the monolayer. If this assumption is true, the fact that the
time-scale did not change indicates that the penetration step was not rate limiting in
the surfactin-phospholipid interaction. When higher surfactin concentrations in the
subphase were used, the experiment began as normal - as the surface pressure began
to increase the surfactin resonances appeared, coinciding with the suppression of the
phospholipid resonance. However, as the surface pressure began to plateau, the surfactin
SFG resonances did not disappear and the phospholipid resonances did not recover as in
previous experiments. The increased amount of surfactin at the interface prevents the
phospholipid from reordering, and therefore the phospholipid SFG resonances do not
recover. When the pH in the subphase was reduced, signicant changes were seen in
the surface pressure and SFG behaviour. The time for surfactin resonances to appear
took much longer, and remained detectable for a much longer time, around 300 minutes.
The change in surface pressure was also more gradual. These changes are explained by
a slower rate of surfactin adsorption to the monolayer, and a faster rate of aggregation
of surfactin once in the phospholipid monolayer.
In order to understand the mechanism in more detail, work utilising the nano-IR AFM
technique is currently under way. The phospholipid-surfactin system experiment was
begun as normal and then LB deposition was used to cast the phospholipid-surfactin
monolayer onto mica at specic times after the surfactin was injected into the subphase.
Casting the monolayer disrupts the experiment, and therefore each casting was taken
from a fresh experiment. Figure 9.1 shows an SFG experiment with the surface pressure
trace labelled at points to represent where LB deposition would have taken place.
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There are some experimental challenges involved in the use of LB deposition to inves-
tigate the surfactin - lipid mechanism. The exact progress of the experiment before
casting onto the mica is dicult to determine. This is because the LB deposition disrupts
the surface pressure measurement, and the SFG sample stage does not have room for a
full-sized trough with computer-controlled barriers and dipper needed for LB casting.
Therefore, the experimental progress can only be judged from the current surface pres-
sure without being able to see the record of the plateau surface pressure. Additionally,
casting onto mica is likely to cause changes to the surfactin-phospholipid system. In
Chapter 5, casting onto mica worked very well to capture the state of the monolayer
at the air/water interface for investigation by AFM. However, the surfactants in that
chapter were positively charged. Surfactin has a negative charge, and therefore it is not
a safe assumption that the mica (which is negatively charged under neutral conditions)
is the best surface for capturing the state of the monolayer in the same way as before.
These eects, compounded with the high run-to-run variation of the experiment makes
capturing the state of the phospholipid monolayer very dicult. However, even these
preliminary data show the potential power of the AFM-IR technique. Height proles of
the AFM image combined with the IR mapping add a wealth of information and give
valuable context to the SFG, RAIRS, and surface pressure data.
After using these techniques to fully characterise the surfactin-phospholipid monolayer
interaction, the next logical step is to investigate the interaction of surfactin with a
phospholipid bilayer. The simplest bilayer model is a simple solid-supported bilayer with
no tethering, produced either by RSE or by LB/LS deposition. However the surfactin
experiment takes a signicant amount of time, especially at low pH. A more stable
bilayer, such as a tethered bilayer membrane, might be required in order that the bilayer
might last for the whole experiment. For isotopically distinct bilayers, lipid ip op will
pose a problem. In this case, a hybrid bilayer membrane may be more appropriate, since
the self-assembled proximal leaet will be chemically bound to the solid support.
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Figure 9.1: Plot of surface pressure and SFG intensity (r+ in the SSP po-
larisation) of the dDPPC phospholipid monolayer and surfactin against
time (reproduced from Figure 8.1). 25 µl of surfactin solution (giving
a concentration equal to 0.05×CMC in the trough) was injected into
the subphase at 142 minutes, as indicated on the plot. The black SFG
trace represents the SFG intensity of the r+ resonance of the deuter-
ated phosphoplipid, dDPPC, and the red SFG trace represents the SFG
intensity of the r+ resonance of the protonated surfactin.
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(a) Sample LB cast at a point corresponding to (a) on Figure 9.1. The AFM-IR mapping was done at
2200 cm-1, which corresponds to the CD2 antisymmetric stretch. The spectra are taken from specic
regions of the image. The black spectra correspond to the higher regions of the height-mapping image,
and the light regions of the IR intensity-mapping image. The red spectra are taken from the lower regions
of the height-mapping image.
(b) Sample LB cast at a point corresponding to (b) on Figure 9.1. The AFM-IR mapping was done at
2200 cm-1, which corresponds to the CD2 antisymmetric stretch. The spectra are taken from specic
regions of the image. Black spectra are from the low regions of the AFM height image, which are red/blue
in the IR-mapping image, red spectra are from the high regions of the height-mapping image (bright
yellow in the IR mapping), and blue spectra are from the boundary regions. Although the dDPPC has
formed unusual domains with signicant height variation, DPPC is visible throughout the surface.
(c) Sample LB cast at a point corresponding to (c) on Figure 9.1. The AFM-IR mapping was done at
2142 cm-1, which corresponds to the Fermi resonance of the CD2 symmetric stretch. The spectra are
taken from specic regions of the image. Black spectra are from low regions of the AFM-height image,
red from high regions, and blue from the boundary regions. Again dDPPC signals are apparent all over
the surface.
Figure 9.2: AFM images (left column), AFM-IR mappings of CD res-
onances (middle column), and IR spectra taken from specic regions
of these images (right colum). AFM-IR data provided courtesy of A.
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(d) Sample LB cast at a point corresponding to (d) on Figure 9.1. The AFM-IR mapping was done at
2100 cm-1, which corresponds to the CD2 symmetric stretch. The spectra are taken from specic regions
of the image - black spectra correspond to higher regions of the AFM image, and red to the lower regions.
It appears that there are now surfactin-rich regions (dark) which virtually exclude dDPPC.
(e) Sample LB cast at a point corresponding to (e) on Figure 9.1. The AFM-IR mapping was done at
2142 cm-1, which corresponds to the Fermi resonance of the CD2 symmetric stretch. The black spectra
are taken from the lower regions of the AFM-height image (lighter in the IR mapping image), and the
red spectra are taken from the higher regions. Now there are surfactin-rich domains, which are higher
than the surrounding dDPPC-rich region.
(f) Sample LB cast at a point corresponding to (f) on Figure 9.1. The AFM-IR mapping was done at
2200 cm-1, corresponding to the CD2 symmetric stretch. The black spectra correspond to the lower
regions in the height-mapping image, and to the light regions in the IR-mapping image. The red spectra
corresponds to the higher regions in the height-mapping image (darker regions of the IR mapping).
These data show surfactin aggregates (or rather, aggregates where no DPPC is detectable) on the surface
of the mica.
Figure 9.2 continued: AFM images (left column), AFM-IR mappings
of CD resonances (middle column), and IR spectra taken from specic
regions of these images (right column). Data provided courtesy of A.
Fellows.
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